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Foreword 

On 23 July 1972, the first Earth Resources Technology Satellite (ERTS 1 
or Landsal 1) was successfully placed in orbit. The success of Landsal inau- 
gurated a new era in satisfying mankind's desire to better understand the 
dynamic world upon which we live. Space-based observations have now 
become an essential means for monitoring global change. 

The short- and long-term cumulative effects of processes that cause sig- 
nificant changes on the Earth s surface can be documented and studied by 
repetitive Landsal images. Such images provide a permanent historical 
record of the surface of our planet; they also make possible comparative 
two-dimensional measurements of change over time. This Professional 
Paper demonstrates the importance of the application of l^andsat images to 
global studies by using them to determine the current distribution of gla- 
ciers on our planet. As images become available from future satellites, the 
new data will be used to document global changes in glacier extent by ref- 
erence to the image record of the 1970's. 

Although many geological processes take centuries or even millennia to 
produce obvious changes on the Earth's surface, other geological phenom- 
ena, such as glaciers and volcanoes, cause noticeable changes over shorter 
periods Some of these phenomena can have a worldwide impact and often 
are interrelated. Explosive volcanic eruptions can produce dramatic effects 
on the global climate. Natural or culturally induced processes can cause 
global climatic cooling or warming. Glaciers respond to such warming or 
cooling periods by decreasing or increasing in size, which in turn causes sea 
level to rise or fail. 

As our understanding of the interrelationsliip of global processes 
improves and our ability to assess changes caused by these processes 
develops further, we will learn how to use indicators of global change, such 
as glacier variation, to manage more wisely the use of our finite land and 
water resources. This Professional Paper is an excellent example of the way 
in which we can use lecluiology to provide needed earth-science informa- 
tion about our planet. The international collaboration represented by this 
report is also an excellent model for the kind of cooperation that scientists 
will increasingly find necessary in the future in order to solve important 
earth -science problems on a global basis. 




Charles G. Groat, 
Director, 

U.S. Geological Survey 
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Preface 



This chapter is the sixth to be released in U.S. Geological Survey Profes- 
sional Paper 1380, Satellite Image Atlas of Glaciers of the World, a series of 
1 1 chapters. In each chapter, remotely sensed images, primarily from the 
Landsat 1, 2, and 3 series of spacecraft , arc used to study the glacierized 
regions of our planet and to monitor glacier changes. Landsat images, 
acquired primarily during the middle to late 1 970's, were used by an inter- 
national team of glaeiologists and other scientists to study various geo- 
graphic regions or to discuss glaciological topics. In each geographic region, 
the present areal distribution of glaciers is compared, wherever possible, 
with historical information about their past extent. The atlas provides an 
accurate regional inventory of the areal extent of glacier ice on our planet 
during the 1970's as part of a growing international scientific effort to mea- 
sure global environmental cliange on the Earth's surface. 

Tiie Andes Mountains of South America, from the Sierra Nevada de Mer- 
ida, Venezuela, to Tierra del Fuego, Cliile and Argentina, are glacierized to a 
lesser or greater extent depending on latitude, altitude, and annual precipi- 
tation. The largest area and volume of glacier ice, including two large ice 
fields, each with numerous outlet glaciers, occurs in the Patagonian Andes, 
southern South America. Landsat images are particularly valuable for mon- 
itoring fluctuat ions of large glaciers, especially outlet glaciers from ice fields 
and for delineating the areal distribution of large glaciers. 

Venezuela has five cirque glaciers with a total area of 2 km 2 . A rapid loss 
of glacier ice has taken place during the last century, a process that has 
accelerated since 1972. 

Colombia has many small glaciers with a total area of 104 km 2 on six 
peaks. Its largest glacier (<20 km 2 ) is an ice cap on the active Nevado del 
Ruiz volcano; in November 1985, an explosive erupt ion melt ed part of the 
summit ice cap, which, when combined with heavy precipitation, generated 
lahars that killed more than 23,000 people, more than 20,000 in the town of 
Armero A consistent and progressive loss of glacier ice and snowpack has 
been noted since the late 1800 s, and many glaciers have completely disap- 
peared during the 20th century. 

Ecuador lias more than 100 small ice caps, outlet glaciers, ice fields, and 
mountain glaciers with a total area of about 97 km'. Since the 1800's, the 
glacier area has undergone a significant continuing reduction. 

Peru lias a total glacier-covered area of 2,600 knf on 20 distinct Cordille- 
ras. The glacierized cordilleras are important sources of water and as loca- 
tions of glacier-related avalanches and floods that have destroyed towns 
and killed tens of thousands of inhabitants. 

Bolivia has a total glacier-covered area of more than 560 km". A few 
small summit ice caps, outlet and crater glaciers (-10 km 2 ) are located on 
extinct volcanoes of the Cordillera Occidental in northern Bolivia. Ice caps, 
valley glaciers, and mountain glaciers (550 km 2 ) are located on the highest 
peaks of the Cordillera Oriental. 

Numerous glaciers in Chile and Argentina occur along the more than 
4,000-km length of the Andes Mountains, from very small snow patches and 
glacierets of the Insert Andes and the 2,200 km 2 of glaciers in the Central 
Andes to the large ice fields and outlet glaciers of Patagonia The Southern 
Patagonian Ice Held (-13,000 km 2 ) is the largest glacier outside Antarctica in 
the Southern Hemisphere. The Northern Patagonian Ice Field (-4,200 km 2 ) 
and the glacierized Cordillera Darwin in Tierra del Fuego (-2,300 km 2 ) also 
contain a substantial volume of glacier ice. 



Richard S. Williams, Jr. 
Jane G. Ferrignn 
Editors 
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About this Volume 



U.S. Geological Survey Professional Paper 1386, Satellite linage Atlas of 
Glaciers of the World, contains 11 cliapters designated by the letters A 
through K. Cliapter A is a general chapter containing introductory material 
and a discussion of the physical characteristics, classification, and global 
distribution of glaciers The next nine chapters, B through .1, are arranged 
geographically and present glaciological information from Landsat and 
other sources of data on each of the geographic areas. Chapter B covers 
Antarctica; Chapter C, Greenland; Chapter I). Iceland; Cliapter E, Conti- 
nental Europe (except for the European part of the former Soviet Union), 
including the Alps, the Pyrenees, Norway, Sweden, Svalbard (Norway), and 
.Ian Mayen (Norway); Chapter F, Asia, including the European part of the 
former Soviet Union. China (PRC), India, Nepal, Afghanistan, and Paki- 
stan; Chapter G, Turkey, Iran, and Africa. Chapter H, Irian Java (Indonesia) 
and New Zealand; Chapter I, Smith America; and Chapter. I, North America. 
The final chapter, K, is a topically oriented chapter that presents related 
glaciological topics. 

The realization that one element of the Earth's cryosphere, its glaciers, 
was amenable to global inventorying and monitoring with Landsat images 
led to the decision, in late 1979, to prepare this Professional Paper, in which 
Landsat 1 , 2, and 3 multispectral scantier (MSS) and Landsat 2 and 3 return 
beam vidicon (RBV) images would be used to inventory the areal occur- 
rence of glacier ice on our planet within the boundaries of the spacecraft's 
coverage (between about 8T north and south latitudes). Through identifi- 
cation and analysis of optimum Landsat images of the glacierized areas of 
the Earth during the first decade of the Landsat era. a global benchmark 
could be established for determining the areal extent of glaciers during a 
relatively narrow time interval (1972 to 1982). This global "snapshot" of 
glacier extent could then be used for comparative analysis with previously 
published maps and aerial photographs and with new maps, satellite 
images, and aerial photographs in order to determine the areal fluctuation 
of glaciers in response to natural or culturally induced changes in the 
Earth's climate. 

To accomplish this objective, the editors selected optimum Lmdsal 
images of each of the glacierized regions of our planet from the l„andsat 
image data base at the EROS Data Center in Sioux Falls, S. Dak., although 
some images were also obtained from the Landsat image archives main- 
tained by the Canada Centre for Remote Sensing, Ottawa. Ontario, Canada, 
and by the European Space Agency in Kiruna, Sweden, and Fucino, Italy 
Between 1979 and 1981. these optimum images were distributed to an 
international team of more than 50 scientists who agreed to write a section 
of the Professional Paper concerning either a geographic area or a glacio- 
logical topic. In addition to analyzing images of a specific geograpliic area, 
each author was also asked to summarize up-to-date information about the 
glaciers within the area and to compare their present area) distribution with 
historical information (for example, from published maps, reports, and pho- 
tographs) about their past extent. Completion of this atlas will provide an 
accurate regional inventory of the areal extent of glaciers on our planet 
during the 1970 s. 



Richard S. Williams, Jr. 
Jane G. Femgno 
Editors 
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Glaciers of South America- 
GLACIERS OF VENEZUELA 

By CARLOS SCHUBERT 

SATELLITE IMAGE ATLAS OF GLACIERS OF THE WORLD 

Edited by RICHARD S. WILLIAMS, Jr., and JANE G. FERRIGNO 

U.S. GEOLOGICAL SURVEY PROFESSIONAL PAPER 1386-1-1 

Venezuela has five cirque glaciers that have a total area of 2 square kilometers 
and are situated on three separate mountain peaks in the Sierra Nevada de 
Merida. A rapid loss of glacier ice has taken place during the last century, a 
process that has accelerated since 1972 
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GLACIERS OF SOUTH AMERICA- 



GLACIERS OF VENEZUELA 



By CARLOS SCHUBERT 1 2 



Abstract 

The Klacicrs of Veneiuela consist of live cirque rtlui icrs situated on three peaks (Pieo HoU- 
var. S.002 nwtet*. Pico HiimMdt, 4,<U2 meters; awl fVn Bonpland. 4.8SCT meters) in the 
Sierra Nevada tie Vlcnda and encompass an area of 2 square kilometers. The present-day gla- 
cier area covers only alx.nt I perrent of ihe 2H0 square-kilometer area covered in the Sierra 
Nevada durintf the late lleistoccne Merida (ilacialion. The total glacier-covered area in the 
Cordillera de NV-nda during this ulat lalion was approximately tjt'K) wnian- kilometer*. Rapid 
tteglarialion has taken place in the Sierra Nevada in the last century, a promts that has accel- 
erated sine- 11)72 



Introduction 



The Sierra Nevada de Merida ! is part of t he largest massif in Venezuela, 
the Cordillera de Merida, which is part of the northern extent or the Cordil- 
lera de los Andes (Andes Mountains) (rigs. 1 and 2). The Sierra Nevada 
includes the highest peak in Venezuela, Pico Bolivar, which has an elevation 
off),002m. 

Similar to other high mountain systems in temperate and tropical 
regions, this area was affected by Quaternary glaciation. The last ice 
advance in this area, which was at its maximum about 20,000 years before 
present (B P) and ended about 13,000 years B P. was called the Merida 
Glaciation. The glacierized area in the Cordillera de Merida was approxi- 
mately COO km 2 ; this included the following high areas from southwest to 
northeast: Paramo de Tama, Paramo Batallon, Paramo Los Conejos, Paramo 
Piedras Blancas, and Tela de Niquitao. Approximately 200 km 2 of the total 
glacierized area was in the Sierra Nevada de Merida, and of thai amount, 
the largest concentration, 50 km 2 , was in the areas of Picos Bolivar, Hum- 
boldt (4,942 m), and Bonpland (4.893 m). Moraines from lite Merida Glaci- 
ation are found between 2,600 and 3,500 m above sea level (asl). Since that 
time, deglaciation has been widespread. Probable "Little Ice Age" moraines 
have been found at 4,200 m asl, but at present, the snowline is above 4,700 
m asl. As a result, the only glaciers currently in existence in Venezuela are 
five cirque glaciers of approximately 2 km 2 in total area on Picos Bolivar, 
Humboldt, and Bonpland. tiny remnants of the former extent of Pleistocene 
ice (Schubert 1974, 1975, 1987; Schubert and Oapperton, 1990) (fig. 3). 



Manuscript approved tor publication IS March 1SSIS 
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The most important early references to the Venezuelan glaciers are Figure 1.- The Sierra Nevada de Merida in 
those by Sievers (1886. 1908, 1911) and Jahn (1912a, b, 1925. These northwestern Venezuela. Broken lines 

reports (reviewed by Schubert, 1980, 1984) include maps, data, and photo- show general area of Cordillera de Merida. 
graphs that can be compared with present-day glacier conditions. More 
recent reports are those of Schubert (1972, 1980, 1984, 1992) and Giegen- 
gack and Grauch (1975). The reports by Schubert present comparative 
data on glacier retreat between the mid-19th century and 1991, data that 
strongly suggest a reduction of more than 95 percent of the glacier-covered 
area during that interval of time. The American Geograpliical Society also 
compiled information on the glaciers of the northern .Andes in three publi- 
cations (Fuchs, 1958; Field and associates, 1958; Lehr, 1975). 



Mapping of Glaciers 



Earliest Maps 

The earliest published map of the Sierra Nevada de Merida was based on 
field work by Jahn in 1910 (Jahn, 1925). The Jahn map was the only map 
showing the distribution of glaciers in the Sierra Nevada de Merida until maps 
were published by Schubert (1972, 1980, 1984). The Srhubcrt maps are based 
on vertical aerial photographs acquired in 1952, the only ones available so far 
for tliis region. The glacierized area was mapped by the author of this paper 
on l:100,000-scale maps by reconstructing the extent ofthe 1952 glacier from 
the aerial photographs (approximate scale 1:40.000) and field observations; 
area measurements were made by the use of a Maho No. 8(1 planimeter. 
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Figure 2. —Annotated Landsat 2 MSS image showing the location of glaciers 
in the Sierra Nevada de Merida. Landsat 2 image (2372-14164, band 7; 29 
January 1976; Path 6, Row 54) from EROS Data Center, Sioux Falls, S. Dak. 
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Figure 3.— Small cirque glaciers on Pico Bolivar photographed in December 1988. A considerable 
recession has been noted since 1952. 

A, Remnants of Espejo Glacier on the southwestern face of Pico Bolivar. The glacier has melted 
and consists of two small firn patches. 

B, Remnants of El Encierro Glacier on the north face. Photographs by B.A. Eiswerth, U.S. Geolog- 
ical Survey. 
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A comparison of the glacierized area in 1U10 mapped by Jahn and in 1952 
mapped by Schubert is shown in figure 4 (no effort was made to compare 
them quantitatively because Jahn did not specify how he mapped the glaciers; 
this author's estimate, based on planimetrie measurements, is tliat they cov- 
ered more than 10 km 2 in 1910). The map by Jalin shows two broad areas cov- 
ered by glaciers (Picos Bolfvar-Espejo-La Concha and Picos Huniboldt- 
Boupland) and also a small glacier on the northwest flank of Pico El Toro, 
about 4.5 km west of Pico Espejo. The topograpliic accuracy of Jahn s map 
(originally at a scale of 1:100,000) is estimated on the basis of a comparison 
with the Cartografia National (1977) map no. 5941 at the same scale of ±0.5 
km. 



Modern Maps of Glaciers 



Figure 5 shows the latest map of the Sierra Nevada do Mcrida glaciers 
(modified aRer Schubert, 1980) based on the 1952 vertical aerial photo- 
graphs. Table 1 gives the areas of the glaciers measured by the author. 




Figure 4.— Comparison of areas covered by glaciers in the Sierra Nevada de 
Merida in 1910 and 1952. Elevations of peaks are given in figure 5. except for 
Pico Espejo (4,765 ml and Pico El Toro (4,727 m). Elevations are in meters 
above mean sea level; contour interval, 200 m. Base maps: Cartografia 
Nacional, Caracas, nos. 5941 and 6041, scale 1:100,000. Arrows show direc- 
tion of drainage. 
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Figure 5.— Distribution of glaciers (green areas) in the Sierra Nevada de 
Merida in 1952, The numbers identify glaciers listed in table 1. Data derived 
from Cartografia Nacional aerial photographs. Mission A-34, 1952. Base 
maps: Cartografia Nacional, Caracas, nos. 5941 -IS E and 6041-IVSO, scale 
1:100,000. Elevations are in meters above mean sea level; the contour inter- 
val is 100 m. 



Table 1- Names of the glaciers in the Sierra Nevada de Mtrida, measurements based on 1952 aerial photography, and rvmil changes 







ArcainlU52 2 
kil^e^) 


Appearance In W91 1 


Pico Bolivar 


Espejo(l) 


.27 


Melted into 2 small fim patches 


(8°32.5-N„ 7rO£5'W.) 










Tunoncito (2) 


.17 


Almost completely disappeared 




El Enderro (3) 


.17 


Uist at least 50 percent of Its area 




El Encierro (4) 


.10 


Retreated 


Pico La Concha 


No Leon (5) 


.10 




(8'33.5-N.,71 , 01.5 , W.) 










Coromoto west remnant (6) 


.07 




Pleas Humboldt/Bonpland 


Coromoto east remnant (7, 8) 


2.03 


Retreated 4 


(8°32'N., 7I»00'W.) 








SinigUis(9) 




Retreated 




NuestraSerioraOO) 




Completely dlsai^H-ared 




Total 


291 


Approx. 2.00 km- 



1 Number in parentheses refers to number on figure H. 

2 Measured l>>' author by urn- of a planlmeter on map* modified with dala fnwn lf*>2 vcrtkal aerial photograph*; approximate w-nle. 1:441,000. 

3 Based on field work and ground photograph* from l!*»l (Schubert, HW2). 

1 Based on the Undsat image shown in figure HA <2t7.J 14 104. 29 January 1976) 
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Imaging of Glaciers 



Aerial Photography 

Tlie only aerial photographs available for the Sierra Nevada de Merida 
are those that were taken for the Direceibn de Carlografia Nacional (Cara- 
cas), Mission A-34 (nos. 972 to 982), in 1952 at an approximate scale of 
1:40,000. These photographs are the primary source of data used to com- 
pile the latest glacier map (fig. 5). 

Satellite Imagery 

Not many Landsat images have been acquired of the Sierra Nevada de 
Merida area. Only 18 Landsats 1, 2, and 3 multispeclral scanner (MSS) 
images are archived at the EROS Data Center, Sioux Falls, S. Dak., and 
many of these are covered by clouds. The best early Landsat image 
obtained of the Sierra Ne%"ada de Merida glaciers is a Landsat 2 image 
(2372-14104) that was acquired on 29 January 1976. Figure 0/4 shows an 
annotated enlargement of MSS band 7 of that image. T\vo other early Land- 
sat images of the area (listed in table 2) are cloud free but have slightly 
more snow cover. The most useful Landsat 4 and 5 MSS scenes were 
acquired in February 1985 and March 1991 (see table 2). Both show sub- 
stantially less snow-and-ice cover than the 1970 image. The March 1991 
image, which coincides closely with the author's 1991 visit to the area, con- 
firms the major retreat described in table 1 and by Schubert (1992). A 
1:250 ,000-scale enlargement of the 1991 scene is shown in figure 6B for 
comparison. 

In the enlarged 1976 Landsat MSS image (fig. 671), the outline of the 
Picos Humboldt and Bonpland glaciers can be discerned. All other glaciers 
show as white spots, principally because of the relatively small area of gla- 
cierizalion (about 3 knr). In the enlarged 1991 MSS image (fig. 6fl), it is 
clear that the glaciers on Pico La Conclia liave disappeared. The glaciers on 
Pico Bolivar are so small that seeing them is almost impossible. The glaciers 
on Picos Humbolt -Bonpland are visible but greatly reduced in size. Figure 7 
is an index map showing the location and coverage of the optimum Landsat 
imagery. 

Figure 6. —Enlarged 1:2S0,000-scale 7 , w 



Landsat images showing the Sierra 
Nevada de Merida glaciers. 

A, Annotated Landsat 2 MSS image 
Compare with figures 5 and 6B. The 
town of Merida is indicated. Landsat 2 
image (2372-14164, band 7; 29 Janu 
ary 1976; Path 6, Row 54) from EROS 
Data Center, Sioux Falls, S. Dak. 

B, See following page. 
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ti «W Figure 6B.—Landsat 5 MSS image. In 




spite of some clouds, it is possible to 
see that the glaciers have substan- 
tially retreated. Landsat 5 MSS image 
(52580-14204. band 4; 25 March 1991: 
Path 6, Row 54) from EROS Data Cen- 
ter, Sioux Falls, S. Dak. 



Figure 7.— Optimum Landsat 1, 2. and 
3 images of the glaciers of Venezuela. 



geologic, and cartographic applications. Symbols 
defined » follows: 

• Excellent image (0 to - 5 percent cloud coverl 

O Nominal scene center for a Landsat 
image outside the area of glaciers 
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Tabu: 2. — Optimum Isindsat I, 2, and $ images of the glaciers oj Venezuela 
|See fls.7 for explanation of symbols used In 'Code" column] 



Path-Row 


iNoniuiM 
scene center 
(bit-lung) 


identification 
numbor 


Dale 


Solar 
elevation 

(degrees) 


Code 


Cloud 
cover 
(percent) 


Remarks 


6-54 


08 C 40N. 
70°38'W. 


2372-14164 


29 Jan 76 


42 


• 


0 


Pico Bolivar. Pico La Concha, Pico 
Humboldt, and Pico Bonpland 


6-54 


08°40N. 
70°38W. 


21434-14055 


26 Dec 78 


40 


• 


0 


Pico Bolivar. Pico La Concha, Pico 
Humboldt, and Pico Bonpland 
glaciers 


6-54 


08'40'N. 
70°38'W. 


31385-14195 


19 Dec 81 


40 


• 


0 




Selected Landaat 4 and 5 images 


6-54 


08*4 IN. 
70 o 29'W. 


50356-14293 


20 Feb 85 


48 


• 


0 


Pico Bolivar. Pico La Concha, Pico 
Humboldt, and Pico Bonpland 
glaciers 


6-54 


0T4rN. 
70°29'W. 


52580-14204 


25 Mar 91 


52 


9 


10 


Pico Bolivar, Pico La Concha, Pico 
Humboldt, and Pico Bonpland 
glaciers; image used for figure 6 



Recent Glacier Recession 



Early reports and paintings can bo used to determine the approximate 
location and extent of the glaciers in the Sierra Nevada de Morula in the 
mid- to late- 1800 s. A comparison of these sources with present-day condi- 
tions indicates that a rapid retreat has taken place during the last 100 years 
(Schubert, 1980, 1984, 1987). The amount of retreat can be estimated by 
comparing the mapping of the glaciers hy Jahn in 1910 (fig. 4) with the 
mapping and analysis by this author using 1952 data (figs. 4 and 5). The 
glaciers in the Sierra Nevada de Merida, estimated to cover 200 km 2 during 
the Pleistocene (Schubert, 1972, 1984), were approximately 10 km- in 
1910 and about 3 km" in 1952 (Schubert, 1972, 1980). However, the 1952 
area was probably somewhat larger than indicated by these figures because 
the high slope angle of the glacier surfaces was not taken into account 
when the measurements were made. In addition, the accuracy of the mea- 
surements also is affected by the distortion within the aerial photographs 
caused by the rugged topograpliy. 

Since 1952, ground photographs and fieldwork have documented a sig- 
nificant retreat of the glaciers; the recession is particularly evident since 
1972 (Schubert, 1992). Of the 10 glaciers mapped in 1952, 4 liave com- 
pletely or almost completely disappeared. 1 has disintegrated into ftrn 
patches, and the remaining 5 are substantially smaller (see table 1). 
Although it is not possible to quantify the difference exactly, the remaining 
glacier area is now probably less Uian 2 km". Tiiis type of rapid retreat is 
also found in other parts of South America; such as Colombia, Ecuador, and 
Peru. 
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Colombia has many small glaciers that have a total area of approximately 104 
square kilometers on six nevados in four areas within the Sierra Nevada de 
Santa Marta, Cordillera Oriental, and Cordillera Central. The largest glacier 
(less than 20 square kilometers) is an ice cap on the active Nevado del Ruiz 
volcano. A consistent and progressive loss of glacier and snowpack area has been 
noted since the late 1800's in the Colombian Andes, and many glaciers have 
disappeared altogether during the 20th century 
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GLACIERS OF SOUTH AMERICA- 
GLACIERS OF COLOMBIA 
fly FABIAN HOYOS-PATINO 1 

Abstract 



SnowllekU and glaciers In Colombia are limited to the highest peaks and ranges in the 
Cordillera Central and Cordillera Oriental and above the 4,700-meter elevation on the Sierra 
Nevada <ic SanUi Marta The total area of snowflekts and glaciers was estimated to be about 
101 square kilometer; in the early 1070's. 

Historical, geographical, and pictorial records point toward a consistent and progressive 
depletion of ice-and-snow masses In the Colombian Andes since the end of the 'Little Ice 
Age" in the I ale 1800's Many glaciers have disappeared during the 20th century, and others 



Introduction 

Geographic Setting 

The northernmost extent of the Andes Mountains consists of three 
branches in southern Colombia (fig. 1). The branches are known from west 
to east as the Cordillera Occidental", Cordillera Central, and Cordillera Ori- 
ental. The Cordillera Oriental continues into Venezuela, where it is called 
the Cordillera de Merida (Merida Andes) (see subchapter I- 1, 'Glaciers of 
Venezuela"). The Sierra Nevada de Santa Marta, a huge tetrahedral-shaped 
massif that is detached from the Cordillera Central, rises as an isolated 
mountain near the Caribbean coast. Two relatively small coastal ranges, the 
Serrania de Baudo, bordering the northern Pacific coast, and the Serrania 
de San Jacinto, rising from the Caribbean lowlands, do not belong to the 
Andes Mountains either geologically or geographically. 

Two large rivers, t he Rio Cauca and I he Rio Magdalona, divide t ho three 
cordilleras. The cordilleras are bordered by extensive coastal lowlands on 
the north, large plains on the east, and a complex landscape of alluvial 
plains and valleys, tidal flats, and the Serrania dc Baudo on the west. Snow- 
fields and glaciers are restricted to the highest peaks and ranges of the Cor- 
dillera Central, Cordillera Oriental, and Sierra Nevada do Santa Marta. 



Glacier phenomena have not received widespread attention in Colombia 
in the past because of geographic, economic, and cultural reasons. The 
ordinary layman generally has not been aware of the importance or snow- 
and-ice masses, either as natural-resource assets or as potential hazards. 
Water is taken for granted, and geologic liazards, especially if located in 
remote and poorly known areas, were generally ignored before the cata- 
strophic eruption of the glacier-clad Nevado del Ruiz in 1985, which pro- 
duced several major laliars (mudflows caused by volcanic activity). 
However, arid and semiarid lands depend on the nearby snow-covered 

Manuscript awroved for publication IS March 10HH. 

1 I'nlYpmdad NbcioimI rtr Colombia. Apanmto Aereo 11X27. Meriellin. Colombia 
" U<-<i<ra|>roc place-iuune* mod in this secliun nxifurm to the usage reuitnmemk-d by tiir I S 
BuiumI on <iiu*ra))»iic Nairn* ( Dcferae Maying Agency, 1US8 1 in Ui < .iiHlei r uf Columbia. 
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Figure L— Location of glaciers in Colom- 
bia. Mountains are delineated by the 
2,000 m contour line {heavy dark line). 



mountain ranges for I heir water supply. Even in humid regions, glaciers act 
as gigantic reservoirs that regulate seasonal water flow in their respective 
drainage basins. 

The juxtaposition of glaciers and active volcanoes, as well as glaciers 
and earthquakes, poses a significant geologic hazard that can produce 
jdkulhlaups (outburst floods) and (or) lahars and (or) debris avalanches. 
Examples are the 1985 eruption of Nevado del Ruiz and the earthquake- 
generated ice-and-debris avalanche from the Nevados Huascaran massif in 
Peru that buried the village of Yungay (see subchapter 1-4, "Glaciers of 
Peru"). These types of events have been documented by Acosta (1840) in 
the 19th century, as well as more recently with respect to the devastation 
wrought in November 1985 by the volcanic activity of Nevado del Ruiz, a 
large volcano surmounted by an ice cap (Smithsonian Institution. 1985; 
Herri and Comite de Estudios VulcanoWgicos, 1980, Jordan and Mojica. 
1988; Williams, 1990 a. b; Finsterwalder, 1991; Mileti and others, 1991, and 
Thouret, n.d ). The lahars associated with the Nevado del Ruiz eruption 
were deemed to be the deadliest ever recorded, as the death toll was 
estimated to be as much as 23,000 (probably several thousand more if 
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undocumented migrant workers were included), and most of Armero. a city 
of about 25,000, disappeared under a huge nuidflow. 

In June 1994, an avalanche originating in the Nevado del Huila took a toll 
of at least 1,500 lives and destroyed hundreds of dwellings, tens of bridges, 
and kilometers of roads in the basin of the Rio Paez. Tliis avalanche was 
unleashed from the glacierized area of the Nevado del Huila and from the 
steep slopes of the upper Rfo Paez basin by an earthquake of Richter mag- 
nitude 6.2. 

The study of snowfields, glaciers, and related features in Colombia has 
drawn the attention of several scientists, including geologists and geogra- 
phers (Fuchs, 1958; Lelir, 1975). However, the remoteness of most of the 
snow-and-ice features has prevented, in the past, a systematic study of 
their physical characteristics and lustory. A compilation of available infor- 
mation suggests a consistent snowline retreat during the 20th century or 
since the end of the "Little Ice Age" in the late 18O0's. A more extensive 
snow cover in the mountain massifs in the past Ls suggested by the common 
reference to the "sierras nevadas" (snow-covered summits) in the southern 
part of the country by the conqiustadores and in old chronicles cited by 
Freire (1958). The Sierra Nevada de los Coeonucos ("4,300-4.850 m; lat 
2°16'N., long 76°22'W.) no longer deserves the name nevada, and the Cerro 
Nevado at the Paramo de Sumapaz (4,300 m) in the Cordillera Oriental 
south of Bogota definitely lost its mantle of snow by 1917 and later changed 
its name. U Pirana (4,600 m), Nevado del Cisne (5,100 m), and Nevado del 
Quindio (5,120 m). three formerly snowcapped summits in the Ruiz-Tolima 
massif (Thourct, n.d ), and the Volcan Chiles (4,750 ni) and Nevado de 
Cumbal (4,764 m), two volcanoes near the southern border, cannot be con- 
sidered nevados any longer, although they still had a snow or firn cover at 
the beginning of the 20th century and, in some cases, retain ephemeral 
snow areas. In the case of today's glacierized areas, this trend toward loss of 
snow cover is very apparent and will be discussed in more detail later. A 
similar long-term retreat of the snowline and the recession of glaciers 
throughout the country' ' s corroborated by a comparison of ancient paint- 
ings (Mark, 1976) with recent ground and aerial photographs from different 
dates and by the evaluation of the physical geographic descriptioas of the 
highlands from old documents and reports (Anrizar, 1853; Reiss and Stii- 
bel, 1892; Vergara y Velasco, 1892; Stubel and Wolf, 1906; and Freire, 
1958). 

Subzero -degree temperatures and the high precipitation necessary to 
produce snow are fount! in the high mountains near t he Equator. I Jnlike the 
climate at mid- and high-latitudes, the seasonal temperature varies little; 
mean daily temperature is nearly constant. At high altitudes, the largest 
daily variations (maximum to minimum) of about 25°C take place during 
the diurnal cycle; however, the average daily temperature does not vary 
more than ±2°C throughout the year. Solar radiation also varies only slightly 
(Ouhl, 1983). The 0°C air temperature isotherm altitude is at about 4,800 
m, although local variations caused by the orographic setting and cloud 
cover can be found. At low latitudes, the equilibrium line altitude (ELA) 
roughly coincides with the 0°C air temperature isotherm altitude, although 
snowfalls can develop as low as 4,000 m. Local differences in snowline alti- 
tude can be explained by the orographic effect on moisture distribution and 
temperature. Short-term variations in snowline altitude originate within a 
narrow range and are caused by variations in precipitation rather than in 
temperature. On the other hand, long-term variations in snowline may be 
caused by changes in precipitation and temperature associated with 
changes in either local or global climate. Indicators of the level of snowline 
during the last glacial maximum in the Colombian Andes, such as moraines, 
reveal that during the Pleistocene, Colombia liad a much more extensively 
glacierized area Moraines are found consistently all over the Colombian 
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Andes at 3,800 m; where a sufficient accumulation surface existed, ice 
reached at least as low as the M,300-m level during the last advance. An 
older snowline has been proposed close to the 3,000-in level, and the corre- 
lated glacial drift has been observed at least as low as 2,700 ni (Coleman, 
1935; Oppenheim, 1940, 1942; Raasveldt. 1957; Brunschweiler, 1981; Van 
der Hainraen, 1984; and Helmens, 1990). 



Present Snowfields and Glacier Distribution 



Work by Thouret and others (1996) examined glacial stades in the Ruiz- 
Tblima massif and possibly equivalent stades in other glacierized areas 
(table 1). Thouret and others (1996) noted tliat the late neoglacial slade 
(approximately 1600 s to 1900's), named the "Little Ice Age," is well docu- 
mented on the basis of terminal moraines near present glacier termini. Evi- 
dence for earlier neoglacial stades is more problematical (Thouret and 
others, 1992, 1996). 

TABLE I Estimate of the glaciated ai 
[Modified from Thouret and others, lit 



in Otf Colombian aud Erututorvun /Index during the last ("r^uqurne') glacial ion 
Abbreviations: yrs B.P., years before present; ca.. circa: MIS. marine isotope stage | 



fipfXtmmMr rxtmn 



(ynBIM 



<MC.«V 







Present 


34-36 


28-30 


14-18 


lb... 


Late neogbu-iaj 


Inner Ruiz 160 


107 




late Holocene (?) 


100 






u... 


Early neoglacial. 


Outer 


Corralitos 


Bolivar 




late Holocene (?) 


Ruiz 






2b... 












early Holocene 










lea. 6.200 (?)| 








2a... 


Eariy Santa Isabel 










(7,400-7,200) 








3b._. 


Late (Hun, late 






Naboba 




late-glacial 










(ca. 11,000-10,000) 












800 


1,000 


850 




(MIS2;ca 




Late 






13,000-12,400) 








4b... 


Late Murillo- 




Early 






late late full-glacial 




Lagunilla 






(ca. 18,000-14,000) 








4a.... 


Early Murillo-early 


1.5001?) 


2,000(?) 


1.600(?) 




late full-glacial 




Concavo 






(MIS 3-2; 










ca. 27,000-24,000) 








fib.... 


Late "Rk> Recio* early 




Rio Negro 






to middle full-glacial 










(MIS 3; ca 40,000?) 








5a.... 


Early "Rio Recio" 










early full-glacial or 










early glaciaK?) 










(MIS 4; >M,000?) 










r\iTn»jjr olrvatMm at 



100-112 220 9 5 4.750-1.700 4,500-1.400 
30(?) 350-400 255 31 4.600-1.300 4.300-4.200 



4.300-1.150 4.300-1.200 
4.200-1.100 

2,600 460 190 4.000-3,800 3.800-3.800 



250(?) 3,500 2,050 



3.S00-3,flO0 3.4OO-3.300 



3.fiOO-.1,400 3,300-3,100 



(?) 12.000- (?) 800 .1,400-3,300 3.300-3,100 
15.000 



3.300-3,200 3.100-2.900 



3,:10<i-3,200 3, 100-2,900 



1 Glacial stades In the Ruiz-Tolima massif are given along with pontile equivalents In the Sierra Nrvadu del Cotuy (Van der llamnien and others. 
1980/81 ) and the Sierra Nevada de Santa Marta (Raasveldt. l!l r >7; Van der Hammer.. 19841. 

Compare the total glacierized area in the Colombian Anile* with that in the Krtiadorcan Andes ( I lastenrath. U'Hl) anil easlem Africa (llas- 
lenrath, ItHM). During the full-glaclal |>eriud. the glaciers of the Colombian and Ecwulorean Amies w ere probably the most extensil e u-e llelils 
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Table 2. — Glaciers of Colombia 



X5££ Nunitxrt .^Uon 

of glacier* (Ul-kNiK) (Knuuv 



li.U(iciU'lrrNl 



Sm*it«v Nevada 

de Santo Marta . .. 18r>7, 1974 88 I0°34 N , 73°43 w. 1625 

Sierra Nevada 

del Cocuy 1968,1978 88 W2TN.. T2»WW. 3H|2 

Ruiz 16 (16) 21.4 

ElCesne 4 .11 

«*iiintii I Stil^ol i-.-. -i. ........ 16 8L(7i 

Quindio 7 .44 

Tolima 11 221 

delos Nevado* 1959 Subtotal 53 ( 54) 04"5f?N, TS'WW. 3M6 

Nevado del Huila 1965 17 02«55'N.. 7b"06 W. Ift77 

Total 246 (247) 108.49 



TABLE 3 — Glaciers 

measured from Lttndsal 





Dale of 


Stop 


Sierra Nevada 
de Sanla Maria 


01 Jan 7.1 


14.1 


Sierra Nevada 

del Cocuy...-, 


18 Jan 73 


280 


Ruiz-Tbuma massif 
(Pajnmo Narional dr 
kw Nevados) 


01 Feb 76 




Santo Isabel 




21.3 






10.8 
3.8 


Nevado del Hulla 


01 Feb 76 


26.0 




Total 


104.0 



Herd (1973) estimated the extension of the Ruiz-Tolima glaciers to have 
been 100 km - during the "Little Ice Age," and Raasveldt (1957) calculated 
the ext ent of t he last ice advance during the Bolivar stadc to have covered 
105 km 2 on the Sierra Nevada de Santa Marta. 

Four different areas in Colombia are glacierized at the present: the 
Sierra Nevada de Santa Marta, the Sierra Nevada del Cocuy (Cordillera Ori- 
ental), the Ruiz-Tolima massif (Cordillera Central), and the Nevado del 
Huila (Cordillera Central). Glaciers in the Sierra Nevada de Santa Marta 
and in the Sierra Nevada del Cocuy are classified as either mountain or 
alpine; the Ruiz-Tolima massif and Nevado del Huila are large slratovolca- 
noes that have sliieldlike summit ice caps and a few outlet glaciers 

Various figures have been given for the total extent of glacierized areas 
in recent years. The variation depends on the technique of measurement 
and the date of the source materials. Work by .Ionian and others (1989) 
gave the total number of glaciers at 246 or 247 on 9 mountains, with a total 
area of approximately 109 km 2 . His work was based on fieldwork and aerial 
photography dating from 1957 to 1978 (table 2). This author has measured 
the extent of ice-and-snow areas on l>andsat 1-3 multispectral scanner 
(MSS) images from the early 1970 s and determined a total area of 104 km 2 
(see table 3). Although the Landsat imagery does not supply the spatial 
resolut ion of vertical aerial photography, it offers the opport unity to look at 
all the glaciers at the same time by the use of a uniform method. Thouret 
and others (1996) gave a range from 100 to 1 12 km 2 for the presently gla- 
cierized areas of Colombia- 



Sierra Nevada de Santa Marta 

Rapidly disappearing glaciers are found on the Sierra Nevada de Santa 
Marta massif along its east-trending watershed above the 4.700-m eleva- 
tion; maximum elevations are reached by the 5,775-m-liigh twin peaks, Pico 
Sim6n Bolivar and Pico Crisl6bal Col6n. Rapid deglaciation in tliis region 
was reported in 1939 by Notestein (1939) and confirmed in 1969 by Wood 
(1970). Van der Hammen (1984) found trial considerable expansion of the 
glaciers took place between about 1500 and 1850 but noted a continuous 
retreat of glacier termiiu during the 20t h century. 

At the time of the Cabot Expedition (Cabot, 1939), the glaciers of the 
Sierra Nevada comprised five groups, as described by Raasveldt (1957). As 
previously noted, Raasveldt (1957) estimated (he ice extent during ihe 
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Bolivar stade to be 105 km 2 ; he also gave 4,70(1 m as the generalized eleva- 
tion of glacier termini arid a minimum of 4,500 m based on 1954 aerial pho- 
tographs. The five groups of glaciers are as follows: 

• The Nevado Parra Lleras, the northernmost glaciers of this range 

• The glaciers of the Mender, and Ruiz Wilchcs summits 

• The central and largest snow-and-ice-capped tract comprising Ruiz 

Erazo and Picos Simons. Sim6n Bolivar, Cristobal Colon, and Amer- 
ico Vespucio on an east -trending ridge 

• The twin ridges complex of Picos Ojeda-Codazzi-Tulio Ospina and La 

Reina-Ramirez 

• The southernmost glaciers of Picos Tayrona and El Guardian 

Maps were compiled that documented the glacier extent at the tune of 
the Cabot Expedition and published by Wood (1941) and Raasveldt (1957) 
(fig. 2). The glacier extent shown in Wood's map was measured by the use 
of a planimeter, and the surface area of ice-covered terrain was estimated 
to be approximately 17.5 km 2 (Wood. 1970). Raasveldt (1957). however, 
cited the glacier area as covering 39 km 2 . Wood (1970). on the basis of 1909 
fieldvvork and aerial photographs, sketched the glacier extent (fig. 3) ;uid 
made a very rough estimate that at least one-third of the glacier area had 
disappeared between 1939 and 1909. Using aerial photography from 1957 
and 1974, Jordan and others (1989) gave a preliminary estimate of total 
glacier area of 10.26 km" (table 2). This author measured the ice- and 
snow-extent in a 1973 Landsat image and estimated a total area of 14.1 knr 
(fig. 4; table 3). Although the measurement techniques used by each author 
differed, everyone is in agreement that the deglaciation is continuing. 

Kraus and Van der Hammen (1959, 1900) reported elevations of glacier 
termini during 1958, and Van der Hammen (1984) gave corrected eleva- 
tions (-75 m for each) of 4.745 m for the glacier between Picos Tayrona 
and El Guardian, 4,855 m for the glacier descending from Pico La Reina, 
and 4,830 m for the glacier descending between Picos Ojeda and Simon 
Bolivar. A comparison of these elevations with the earlier maps and later 
reports indicates that the mass wasting of the glaciers seems to liave been 
more severe on the south-facing slopes and below the 5,100-m elevation. 
The glaciers of Nevado Parra Lleras and the Mendez, Ruiz Wilches, and Tay- 
rona peaks had disappeared, as had most of the ice-and-snow cover of the 
south slopes of the Ojeda-La Reina twin ridges. The equilibrium line alti- 
tude (ELA) here is estimated to be about 5,100 m. Figure 5 is an oblique 
aerial photograph of the Sierra Nevada de Santa Marta seen from the east. 




Figure 2.— Extant of the glacierized area 
(green) on the Sierra Nevada de Santa 
Marta in 1940 drawn from aerial photo- 
graphs (modified from Raasveldt, 1957). 
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Figun 3.— Extent of the glacierized 
area (green) on the Sierra Nevada de 
Santa Marta in 1969 drawn on the 
"Cabot" map (Wood, 1941} by using 
oblique aerial photographs (modified 
from Wood. 1970). 



Figure 4. — Glaciers and snowfields of 
the Sierra Nevada de Santa Marta. 

A, Area of glaciers and snowfields, 
shown in green, calculated from a 
Landsat 1 MSS image acquired on 1 
January 1973, band 7. 

B, Enlargement of northwestern part 
of a Landsat 1 MSS image 
(1162-14421; 1 January 1973; Path 8. 
Row S3) from the EROS Data Center, 
Sioux Falls, S. Dak. 
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Figure 5. — Oblique aerial photograph of 
the highest peaks of the Sierra Nevada de 
Santa Marta seen from the east. Photo- 
graph courtesy of Movifoto. 



Sierra Nevada del Cocuy (Cordillera Oriental) 

The Sierra Nevada del Cocuy trends north-south on the Cordillera Orien- 
tal. Mountain glaciers extend along an 18-km-long segment, and glaciers 
and snowfields measured on a 1973 bindsat image covered an area of 2K 
km 2 (table 3). However, Jordan and others (1989), using 1959 and 1978 
aerial photographs, gave a preliminary estimate of 39.12 loir (table 2). In 
contrast, Thourct and others ( 199(5) gave a range from 28 to 30 km 2 for the 
glacierized area. Glaciers flow only to the west because of the extremely 
steep eastern si. .prs nf the range The highest peak in the range rises 5,493 
m above mean sea level. The lowest elevation for a glacier terminus was 
reported by Ancizar (1853) to be 4,150 m. One hundred years later. Kraus 
and Van der Hammen (1959. 1960) reported the termini elevations of four 
glaciers to be between 4,325 and 4,425 in, an estimated average annual 
retreat of about 1.6 m a"'. The snowline elevation was reported to be at 
4,676 m by Ancizar (1853), at 4.780 by Notestein and King (1932), and at 
4,900 m by the Cambridge Expedition (Stoddart, 1959). Older long-time 
residents of the Sierra Nevada del Cocuy have observed a significant relreat 
of the snowline and glacier termini during the last 50 years. 

Figure 6 shows a sketch map prepared from 1955 aerial photographs 
(Kraus and Van rler Hammen, 1959, 1960). Van der Hanimen and others 
(1980/81) published a revised map of the glaciers compiled at a scale of 
1 :40,0(K) from 1955 and 1959 aerial photos. Figure 7.4 illustrates the glacier 
extent in 1973, which was estimated to be about 22 km 2 as shown on a 
Landsat MSS image (1179-14373; 18 January 1973, hg. Hi). A small hut 
noticeable change in area took plate during the 1955-1973 period, which 
can be estimated as a reduction of 6 km 2 . 

Ruiz-Tolima Volcanic Massif (Cordillera Central) 

The Ruiz-Tolima volcanic massif comprises five different formerly ice- 
clad stratovolcanoes ("nevados"); El Ruiz, El Cisne, Santa Isabel. El 
Quiridio, El Tolima (figs 8. 9). El Cisne and El Quindlo have nearly lost 
their snowfields: their ephemeral snow- and ice-covered areas are Itareiy 1 
km 2 each. The other tliree may be classified as mountain iee caps. Figure 
8/1 is a sketch map of the glaciers and snowfields of the Ruiz-Tolima massif 
drawn from a 1 February 1976 Landsat 1 MSS color-composite image 
(shown in fig. 80). 



t'B - 




I mnwriir, 

l I I I 



Figure 6. — Glacierized area (green) on the 
Sierra Nevada del Cocuy drawn from 1955 
aerial photographs (modified from Kraus 
and Van der Hammen, 1959. 1960). Van der 
Hammen and others (1980/81) produced a 
revised map of part of the area encom- 
passed by figure 6. 
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figure 7. — Glaciers and snowfields of the Sierra Nevada del Cocuy. A, Area of 
glaciers and snowfields, shown in green, calculated from a Landsat 1 MSS 
image acquired on 18 January 1973. B, Enlargement of northeastern part of 
Landsat 1 MSS image (1179-14373, band 7; 18 January 1973; Path 7, Row 56) 
from the EROS Data Center, Sioux Falls, S. Dak. 

Nevado del Ruiz is the highest and most extensive stratovolcano in tliis 
massif (figs. 9, 10, 11). It rises more than 5,300 m above mean sea level and 
supports an ice cap that liad an area of 21 .3 knr measured on a 1976 Landsat 
image. The snowline is at an altitude of 4,900 m on its west flank and 4,800 m 
on the east flank. A comiwrison between 19th century paintings (Mark, 
197(5) (figs. IQA, B) and a recent photograph (fig. 11) shows an impressive 
retreat of the margins of the ice cap, which Herd (1982) estimated at 150 m, 
equivalent to a shrinkage of 64 percent from the area of the ice cap in 1845. 

In 1983, the Central Hidroeloctrica de Caldas (CHEC) (198:)) published 
a study of geot hernial activity in the Nevado del Ruiz volcanic massif. How- 
ever, in November 1985, Nevado del Ruiz erupt ed (Sigurdsson and Carey, 
1986), and according to Thouret (1990), about 16 percent (4.2 km 2 ) of the 
surface area of the ice and snow of this nevado was lost , and 25 jiercent of 
the remaining ice was fractured and destabilized by earthquakes and explo- 
sive volcanic activity. The associated volume decrease was estimated to be 
approximately 6xl0 7 m 3 or 9 percent of the total volume of ice and snow 
(Thouret, 1990; Williams, 1990a. b); figure 12 illustrates the extent of the 
ice and snow lost during the 1985 eruption. (Jlaeiological changes have also 
lieeii analyzed l>> Jordan and others [1967] A digital, coioi DfthophotO 
map by Finsterwalder (1991) provides a precise topographic and image 
baseline for comparison with past and future maps of the glaciological sta- 
tus and extent (area and volume) of the ice cap on Nevado del Ruiz. 

Between 1986 and 1995, the average retreat rate of the glacierized area 
of the Nevado del Ruiz has increased to 3-4 m a , wliich amounts to 
20-30 m in elevation, owing to the decrease in albedo associated with the 
teplira cover deposited during the 1985 volcanic activity. Faster retreat has 
been noted on individual glaciers. Ramirez and Quantize (1994) reported 
13 m for the vertical retreat of a single, isolated glacier on the western flank 
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Figure 8. — Glaciers and snowfields of the Ruiz-Tolima volcanic massif. A, 
Area of glaciers and snowfields, shown in green, calculated from a Landsat 2 
MSS image acquired on 1 February 1976. B, Enlargement of northeastern 
part of Landsat 2 MSS false-color composite image (2375-14350; 1 February 
1976; Path 9, Row 57) from the EROS Data Center. Sioux Falls. S. Dak. 




Figure 9. — Oblique aerial photograph 
looking to the north-northwest across 
Nevado del Tolima (foreground) towards 
Nevado de Santa Isabel, Nevado del Ruiz, 
and Nevado del Cisne in the background. 
Part of Nevado del Quindio is on the left 
margin. Photograph courtesy of Instituto 
Geografico Augustin Codazzi taken in 
1959. 
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Figure 10.— Nineteenth-century paintings of the Ruiz-Tolima volcano 
complex by E. Mark. A, Nevado del Ruiz (right), Nevado de Santa Isabel, and 
Nevado del Tolima Heft) are seen from the Magdalena Valley (watercolor 
painted in 1846). B Nevado del Ruiz (right) and Nevado del Tolima (left! also 
seen from the Magdalena Valley (watercolor painted in 1845). Reproduced 
with the permission of the Biblioteca Luis Angel Arango, Bogota, Colombia. 



Figure 11.— Ruiz-Tolima massif looking 
south-southwest in 1986. The active Nevado 
del Ruiz volcano is in the foreground, the 
Nevado del Tolima is in the left background 
and the Nevado de Santa Isabel is in the 
center background. Photograph courtesy of 
Ingeominas. 
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of the glacierized area over the period 1987-1988 and 8.8 m over the period 
1990-1991. Under (1991, 1991/1993), Under and Jordan (1991), and 
Under and others (1994). using aerial photogrammetric methods and digi- 
tal elevation models, calculated post eruptive loss of ice volume. The figures 
show that ice loss is continuing at a greater rate than the average preemp- 
tion retreat. 

El Cisne has a maximum elevation of 5,100 m, and its accumulation area 
is now so small that it is no longer considered to be a nevado. It supports 
only ephemeral snowfields. 

The Nevado de Santa Isabel rises to 5,1 10 m above mean sea level and 
has a snowline at 4,800 m on its west flank and 4,700 m on ils east flank. 
The snow-and-ice cover was measured as 10.8 km 2 on a 1970 Landsal 
image. Since 198(5, this nevado has undergone a similar but more moderate 
increase in loss of its glacierized area compared to the Nevado del Ruiz In 
addition, the snowline has risen 10-15 m in the period 198fi-1994. 

The maximum elevation of El Quindio is 5,120 m above mean sea level. 
Although above the regional snowline, the accumulation area is so small 
that it tan no longer be considered to be a perennial Bnowfield 
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The highest point on Nevado del Tolima is 5,280 m above mean sea level 
(fig. 13). Glaciers descend to 4.740 in on the west side of the volcano and to 
4,690 m on the east side (Herd, 1982). The area of its ice cap was 3.8 km" 
measured on a 197(5 Landsat image (fig. HH). A newly puhlished, digital, 
color orthophoto map accurately shows the ice cap and outlet glaciers on 
the summit of Nevado del Tolima (Finstcrwaldcr, 1992). 

Nevado del Huila (Cordillera Central) 

The snow-cappctl Nevado del Huila volcano (fig. 14), which rises to 
r>,7. r >0 m ahove mean sea level, supported a snow- and ice-covered area 
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Figure 12.— Effect of the November 
1985 volcanic eruption on the 
Nevado del Ruiz ice cap (modified 
fromThouret, 1990), 



Figure 13.— Nevado del Tolima in the foreground and 
Nevado de Santa Isabel in the background seen from the 
southeast. Photograph courtesy ofVillegas 11993). 
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Figure 14.-Nevado del Huila seen from the southeast. 
Photograph courtesy ofVillegas (1993). 
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Figure 15.— Glaciers and snowfields of the 
Nevado del Huila. A, Area of glaciers and 
snowfields, shown in green, calculated 
from a Landsat 2 MSS image acquired on 
1 February 1976. B, Enlargement of north- 
eastern part of a Landsat 2 MSS false- 
color composite image (2375-14353; 1 
February 1976; Path 9, Row 58) from EROS 
Data Center. Sioux Falls, S. Dak. 



of 26 km 2 measured on a 1976 Landsat image (fig. 15A, B). Early maps 
(Vergara y Velasco, 1892) compared to the 1976 Landsat image 
(2375-14:353; 1 February 1976) suggest little change in snow cover dur- 
ing the last 100 years. However, no reason exists to believe that this 
mountain constitutes ait exception to the general trend of glacier reces- 
sion in the Colombian Andes. In fact, Reiss and Stubel (1892) reported 
the terminus of a large glacier at 4,337 m and the snowline at 4.484 m, 
whereas an lngeominas (1984) report locates the limit of the glacierized 
area at about 5,100 m. These figures indicate that the snowline and gla- 
cier termini have receded similarly to, although at a higher rate than, 
other glacierized areas in Colombia. If these figures can be reliably com- 
pared, they indicate that the rate of average glacier retreat in this area 
amounted to more than 8 ma 1 between 1892 and 1984. 
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Maps and Aerial Photographs of the Glaciers of 
Colombia 



Tabic 4 provides a list of maps that cover the glaeierized areas of Colom- 
bia from various sources and at various scales. Maps published by the lnsti- 
tuto Geogralico Augiistin Codazzi (IGAC) range in scale from 1:25,000 to 
1:100.000. Table 5 provides a list of aerial photographs of the glacierized 
areas of Colombia at scales ranging from 1:10,600 to 1:60.000. 
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TABLE 5.— Aerial photographic coivragr of the gtarmxrd areas of Colombia 
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Landsat Imagery 

Only a limited number of cloud-free Landsat 1-3 images were acquired of 
the glacierized areas of Colombia The best are listed in table 0. and their area 
of coverage is shown in figure lb\ The imagery has been used in this chapter 
to delineate the area! coverage of ice and snow on the Colombian nevados, 
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Evaluation of image usability for glaciologic, geologic, 
end cartographic applications Symbols defined as follows: 



0 Excellent image 10 to SS percent cloud cover) 

^ Good Image l>5 to <10 percent cloud coverl 

J Fair to poor image (>10 to <100 percent cloud cover) 

Q Nominal scene center for a Land&9i 
image outside the area of glaciers 
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TABLE 6. — Optimum Landsat I, 2, and 3 images of th? glaciers of Colombia 
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but it i 


s difficult 


to differentiate 


the snow cover from the glacier areas 



because of the small size of the Colombian glaciers and the limitation of reso- 
lution of the Landsat MSS sensor. 

The mapping and measurements of snow-and-ice areas from Landsat 
images tend to be less accurate than measurements of glacierized areas made 
by the use of vertical aerial photography. This is because of the limitations of 
the Landsat sensor, particularly the difficulty in differentiating snow from ice. 
However, the Colombian glaciers appear to be receding fairly rapidly, and until 
new aerial photography is acquired and analyzed of all the glacier areas, this 
study offers the best comprehensive baseline comparison of die glacierized 
areas of Colombia. Higher resolution Systeme Probatoire ri'Observation de la 
Torre (SPOT) images were used by Vandemeulcbrouck and others (199:}) in 
their study of tephra and laliar deposits in the vicinity of the ice cap on Nevado 
del Ruiz (fig. 12). Both the Landsat 4 and 5 Thematic Mapper (TM) images 
(30-m pixels) and the SPOT images (20-m and 10-m pixels) provide higher 
resolution images tlian Landsat MSS images (79-m pixels). 'l"heso and higher 
resolution, satellite-imaging systems in the future will slowly replace the aerial 
phologranimetric methods or mapping ic e caps and outlet glaciers. 

Conclusions 

A historical review of glacier fluctuation in Colombia leads to the conclu- 
sion that here, as in many places around the world, deglaciation is the rule. 
The Sierra Nevada dc Santa Marta lost at least one-third of its snow- and ice- 
covered area in the 34 years between 1939 and 1973, and several former gla- 
ciers have vanished during this century. In the Sierra Nevada del Cocuy, 
where actual figures are available, an average retreat of 1.6 m a" 1 has been 
computed from Ancfzar (1853) and Kraus and Van der Hammen (1959, 
1960) during a period of slightly more than 100 years. A similar figure would 
probably be valid for the Ruiz-Tolima massif, where the snow- and ice-cov- 
ered area is now reduced to one-third of its 1845 extent If the Reiss and Stii- 
bel (1892) and Ingeominas (1984) figures on the Nevado del Huila are 
correct, glacier recession there averages more Hum 8 m a" 1 . Should the 
present trend continue, the 104 knr of snowfields and glaciers estimated for 
Colombia in the early 1970's will vanish in the not too distant future. 
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Ecuador has more than 100 small ice caps, outlet glaciers, small ice fields, and 
mountain glaciers that have a total area of 97.21 square kilometers. The glaciers 
are located on the high summits of 4 mountains of the Cordillera Occidental 
(21.92 square kilometers) and 13 mountains of the Cordillera Oriental (75.29 
square kilometers). Since the 1800's, the glacier area has undergone a 
significant and continuing reduction 
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GLACIERS OF SOUTH AMERICA- 
GLACIERS OF ECUADOR 

By EKKEHARD JORDAN 1 and STEFAN L. HASTENRATH 2 
Abstract 



Even though Ecuador sits astride the Equator, 4 mountains in the Cordillera Occidental 
( Western Cordillera) and 13 mountains in the Cordillera Oriental (Eastern Cordillera) have 
sumrruts that extend above the regional snowline and support more than 100 small Rlaciers. 



glaciers on both volcanoes and nonvolcanic mountains. The total area of glaciers on the 17 
volcanoes and other mountains is 07.21 square kilometers. 21.92 square kilometers in the 
Cordillera Occidental and 7!i.28 square kilometers in the Cordillera Oriental. Held surveys, 



maps were used to calculate the lolal glacier area. The Cotopaxl stratovolcano, oik- of the 
highest active volcanoes on Earth at 5.911 meters, has an ice cap from which 23 outlet gla- 
ciers flow (total area of 19 09 square kilometers). Climatic conditions in Ecuador vary consid- 
erably', being influenced by the availability of moisture from either the Pacific Ocean or the 
Amazon basin, terrain elevation, and the orientation of mountain ranges. Glacieruatkm is 
generally more developed on the eastern flanks of the Cordilleras. A significant reduction in 
glacier area has been noted in Ecuador since the 1800 s and apparently still continues. 



Ecuador's glaciers are situated dose to the Equator in South America 
and thus can be considered to be among the best examples of continental 
tropical glaciation. The glaciers are restricted to the highest peaks in the 
Andes Mountains because of t he proximity to the Equator and t he prevail- 
ing climatic conditions. The individual peaks, mostly of volcanic origin, do 
not contain large contiguous ice fields, such as those found in Pcni, Bolivia, 
Chile, and Argentina; instead, the glaciers occur as ice caps that feed 
numerous outlet glaciers and are confined to the limited summit areas. 
Table I provides information on the area and elevation of the small ice caps, 
outlet glaciers, small ice fields, and mountain glaciers. 

The glaciers in Ecuador are located on the two chains of the Ancles 
Mountains that flank the inter-Amienn depression, the Cordillera Occi- 
dental and the Cordillera Oriental (fig. 1). The peaks range in elevation 
from around 4,000 nt to more than 6,000 m. In the Cordillera Occidental, 
the four glacierized mountains are, proceeding from north to south, Cotaca- 
cht,' t Iliiuza, Carihuairazo. and Cliimborazo. In the Cordillera Oriental, the 
following 13 mountains are glacierized: Cayambe, Saraurcu, Antisana, Sin- 
cholagua, Colopaxi, Quilindana, Cerro Hermoso, Tungurahua, Altar, 
Cubilli rt, Sangay, Collay, and Cerro Ayapungo (Soroche). Contradictory' 
information exists, however, in the literature regarding the presence of 
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TABLE 1.— The gtacieriied arras of Ecuador 
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glaciers on Sangay and Cerro Ayapungo. Some references describe a partial 
glacier cover, and others mention only neve (perennial snow or firn) that 
persists for several years. 

The total glacierized area in Ecuador is 97.21 knr, 21.92 knf in the Cor- 
dillera Occidental and 75.29 knr in the Cordillera Oriental. The glacicriza- 
lion is more pronounced in the Cordillera Oriental because this eastern 
range is belter exposed to the moisture supply from I he Amazon basin. 
Also, glaciers are more abundant on the eastern, as opposed to the western, 
flanks of individual mountains. 

Historical documentation of varying ice conditions in Ecuador is among 
the most numerous and continuous in all or the glacierized tropical areas 
(Hastenrath, 1981 ). The earliest reference to the glacierization of the Ecua- 
doran Andes dales back to the era of Spanish colonization in the 1500 s. A 
geodetic expedition of the French Academy made observations in the mid- 
dle 1700s. Von Humboldt visited the country' in 1802, and geographic infor- 
mation from a variety of travelers remains abundant to the beginning of Ihe 
20th century. Recent surveys of ice conditions in Ecuador include those of 
Mercer (19*57) and Hastenrath (1981). These varied sources indicale a 
rather extensive glacierization from the 1500 s to the first part of the 1800's. 
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Figure 1.— Ecuador's Andean region at a scale of 1:2,000,000 showing gla- 
cieriied areas characterized by volcano type, topography, and precipitation 
distribution. The map is based on ( 1) the Atlas Geografico de la Republics del 
Ecuador llnstituto Geografico Militar, 1978?), 12) official maps of the Instituto 
Geografico Militar, and (3) fieldwork by the author (Ekkehard Jordan) in 1977, 
1980, and 1981. 
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followed by a drastic ice recession starting around the middle of the past 
century and continuing to the present time (Hastenralh, 1981). Heine's 
(1995) studies of moraines in Ecuador documented the historical recession 
of its glaciers, a global phenomenon of mountain glaciers during the 20th 
century. Clapperton's (1993) studies of late Pleistocene lo early Holocene 
moraines in the Andes Mountains indicate an advance of glaciers and a low- 
ering of the equilibrium line altitude by MO to 400 m in the northern and 
nort h-central part of the Andes Mountains 



Climatic Conditions of Ecuadorean Glacierization 



Climatic conditions generally determine the possibility of glacier devel- 
opment, and different climatic patterns in different areas produce different 
types of glacier development. The climatic conditions in the Ecuadorean 
part of the Andes Mountains are highly varied, and the factors that control 
the weather patterns are not completely understood because of the lack of 
upper atmosphere observations (see also Hastenralh, 1981. p. 8) 

Montlily mean temperatures follow the typical tropical pattern and have 
very minor fluctuations throughout the year, normally less than 2°C In con 
trast, temperature differences between day and night are quile large, and 
the difference increases with elevation. On Cotopaxi, at an elevation of 
.1,560 m above sea level (asl), the absolute maximum and minimum daily 
temperatures are +20.-TC and -4.8 8 0. respectively According to (iraf 
(1981, p 16). the average temperature gradient in the mountain region is 
about 6.5°C/ 1,000 m, the 0° annual isotherm being at an elevation of about 
4,700 m. The average regional snowline is a little higher, about 4,80O-4.9<)0 
m, and has a fluctuation of about ±200 m, depending on differing precipita- 
tion conditions and slope orientation, 

Precipitation conditions in the two areas of the Ecuadorean Andes are 
influenced by air masses from two different regions The western Cordillera 
Occidental gets its moisture from the Pacific Ocean, and the intensity 
decreases toward the south, as is clearly shown by the general map (fig. 1). 
The cordillera is characterized by rainy and dry seasons tliat are accentu- 
ated toward the south. Precipitation maximums coincide with the higher 
positions of the Sun in March and April. The Cordillera Oriental, on the 
other hand, gets its precipitation from the Amazon basin and has an almost 
uniform prec ipitation distribution throughout the year but an increase in 
amount toward the south (see fig. 2). 



Cotopaxi 3,660 m (Ecuador! 



Rio Pita 3,860 m (Ecuador i 




JFMAMJJASONO 




Figure 2. —Average monthly precip- 
itation and temperatures from two 
meteorological stations near Coto- 
paxi volcano. Both stations are 
located south of the Equator and 
reveal the double precipitation 
maximum and only minor fluctua- 
tions in the average monthly tem- 
peratures, which are characteristic 
of the Andean area. Graphs modi- 
fied from Blandin Landivar 
(1976-77). 
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These two precipitation patterns collide in the Andes Mountains and are 
considerably influenced by ihe topographic relief. Whereas the outer crests 
of the two cordillera ranges are heavily influenced by the adjacent precipi- 
tation regions, the inner high-valley region and the mountain slopes 
adjacent to it are typically characterized by a twin-peak precipitation distri- 
bution. This twin-peak distribution reaches its maximum around the times 
tliat the Sun is at its highest elevation in March and September and is at a 
minimum in July and August. 

A vertical precipitation differentia] also exists in Ecuador, in which the 
maximum precipitation is found at the middle elevations of the western 
slope of the Cordillera Occidental and Ihe eastern slope of the Cordillera 
Oriental below an elevation of 2,000 m asl (fig. 1). This phenomenon is 
known as well from tropical mountains in Colombia (Weischet, 1969) and in 
Bolivia (Jordan, 1979). Satellite images and weather observations confirm 
that a second condensation level develops in summit locations above 5,000 
m, as shown on the ground photograph of Cayambe (fig. 3). Just exactly 
how large the total annual precipitation is cannot be documented because 
of the absence of meteorological measurements on t he high peaks. The two 
highest weather stations in the middle Ecuadorcan Andes near Cotopaxi 
are at 3,860 m and 3,560 m. A meteorological station has been installed at 
Antisana. but sufficient data are not. yet available. The difference in eleva- 
tion between the meteorological stations and the summits of the high peaks 
probably means a significant differential in actual precipitation at the 
higher elevations. 

The glacierized regions of both cordillera ranges seem to be influenced 
most heavily by air masses from the Amazon basin to the east; tliis is indi- 
cated by the fact that glacierization is generally stronger on the east sides 
of the ranges and by the observation of daily cloud movements. The two 
weather stations near Cotopaxi reveal the characteristic twin-peak annual 
precipitation curve for the cordillera zone and document the precipitation 
pattern prevailing throughout the year (fig. 2). This pattern is typical of 
continental tropical glaciers, which have periodic fluctuations and no pro- 
nounced dry season. 

This twin-peak precipitation pattern not only influences the develop- 
ment of the glaciers but has an effect on the investigations of glaciers that 
depend on aerial or satellite surveys. The frequent cloud cover, including 
its daily periodic (diurnal) development (fig. 4), severely restricts the 
scheduling of aerial photographic surveys. In addition, the frequent fresh 



Figure 3—Cerro Cayambe (5,790 m) and 
its pronounced afternoon cloud layer 
above the second condensation level at 
about 5,000 m. A second, lower cloud 
layer can also be seen over the eastern 
slope leading down to the selva (jungle 
forest). This cloud layer is rather weakly 
indicated in the right background by 
cumulus clouds that are just barely pro- 
truding beyond the horizon. This second- 
ary cloud level, which is a particularly well- 
developed phenomenon associated with 
the highest mountains, contributes greatly 
to glacier formation because of the greater 
annual precipitation and the protection 
that it affords from solar radiation. Photo- 
graph by Ekkehard Jordan taken on 3 Jan- 
uary 1981 near Huayllabamba, about 40 
km west-southwest of Cayambe, at an ele- 
vation of about 2, 700 m. 





GLACIERS OF ECUADOR 



Digitized by Google 







Figure 4. — Oblique aerial photograph of 
the snow-covered ice cap on Chimborazo 
(6,310 m) and. in front of it, the snow-cov- 
ered ice cap of Carihuairazo (5,020 m). As 
for the other ice-covered peaks of Ecua- 
dor's Andes Mountains, these peaks pro- 
trude from the broken nighttime cloud 
cover during the early morning hours and 
can be seen from a great distance. Shortly 
after sunrise, they disappear in the rising 
clouds and, starting in the late morning, 
they frequently receive precipitation in the 
form of snow. Photograph by Ekkehard 
Jordan on 31 May 1977 looking from the 
northeast at an attitude of about 9,000 m 
and a distance of about 50 km. 



snowfalls make it difficult for a photogrammetrist to plot elevation contours 
when mapping glaciers from aerial photographs because of the lack of dis- 
cernible features and the lack of contrast. The most favorable times to look 
for maximum glacier exposure are in the two drier periods from December 
to February and from July to early September (see the section on Bolivia in 
this volume). In spite of the precipitation rninimum in July and August , this 
is not the best lime for field research and investigations in the glacierized 
areas because violent east winds sweep the higher summit regions during 
these months. The normal presence of maximum glacier exposure at the 
end of the summer, which is known in areas outside the tropics, does not 
apply here; instead, the optimum condition depends on accidentally having 
periods that have few- clouds during the timespan mentioned. Therefore, it 
is also very difficult to find satellite images that are sufficiently free of 
clouds to be useful in the delineation of the glaciers. 

Ice Balance on Active Volcanoes and the 
Problems in Determining Glacier Asymmetry 

As one can see in the index map (fig. 1), four of Ecuador's active volca- 
noes have glacierized peaks: Antisana, Cotopaxi. Sangay, and Tungurahua. 
The ice-capped volcanoes of the Andes Mountains represent locations in 
South America where scientists can study the interplay of the exogenous 
climatic ice with endogenous subglacial geothermal and volcanic activity. A 
study on the glaciation of Cotopaxi is a good example of this type of work 
(Jordan, 1983a). Cotopaxi, a stratovolcano, has an elevation of 5,91 1 m and 
is one of the Earth's highest active volcanoes. Antisana is a large stratovol- 
cano, 5,753 m high, that last erupted in 1801-02 from the north-northeast 
side of its summit (Simkin and Siebert. 1994). The interaction of glacial and 
volcanic processes is quite complex. For example, the rapid compaction of 
snow in the crater region is caused by a reduction in albedo resulting from 
very tliin tephra blankets on snow. On the other hand, large volumes of ice 
can be melted by the lava flows and result in devastating lahars 4 (Lipman 
and Mullineaux, 1981; Jordan and others, 1987). Because of its history of 
catastrophic eruptions, the Cotopaxi stratovolcano has attained consider- 

' I-thaj an Indnnniian Icianwonl Uuil tvfert to a mutUluw i MpMMl iwinuuily "f viik'ank- nuilcnal tii.it 
tnmniltnrn tho flank <rf a viiirano (Bates and Jackson, MHO, p. 347). 
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Figure 5.— The Sangay stratovolcano is 
one of our planet's most active volcanoes 
(three eruptions between 1628 and 1934 
and in continuous eruption since then) 
and has a crater that constantly emits 
fumes. Even though Sangay has a summit 
elevation of 5,230 m, it protrudes only a lit- 
tle above the snowline. Because of contra- 
dictory reports from those who have 
climbed it, it is not certain even today 
whether it has only a neve (firn or peren- 
nial snow cover) or whether a glacier 
underlies the neve'. Three different stages 
of snow cover on Sangay are shown in the 
following illustrations: 
A, An oblique aerial photograph shows an 
almost completely smooth, fresh blanket 
of snow. The photograph was taken by 
Ekkehard Jordan from the northwest at an 
elevation of about 9,000 m on 31 May 
1977. 

B and C, See following pages. 



able notoriety. Between 1532 and 1942, Cotopaxi had 59 explosive erup- 
tions from its summit crater, including 3 nuees ardentes (a French 
loanword tliat refers to a "swiftly flowing, turbulent gaseous cloud, some- 
times incandescent, erupted from a volcano and containing ash and other 
pyroclaslics in its lower part" (Bates and .Jackson, 1980, p. 479)). Lava 
flows also accompanied 27 of the eruptions. Fatalities resulted from 5 erup- 
tions, destruction of property took place in 1 1 instances, and lahars formed 
in 27 cases (Simkin and Siebert, 1994). The effect of the eruptions on the 
ice volume becomes more noticeable following recent and (or) frequent 
eruptions. 

Sangay is also among the Earth's most active volcanoes. Three eruptions 
were recorded between lf>28 and 1934, and a low level of continuous erup- 
tion has been noted since then (Simkin and Siebert, 1994). One cannot be 
certain, however, whether Sangay supports a continuously developed ice 
cover or only remnants of glacier ice. Several times a year, the alternation 
of brilliantly shining, fresh snow blankets and earth-colored ash cover can 
be observed on the peak (fig. 5). The active Tungurahua volcano, which last 
erupted in 1944, does not possess as much ice cover as the two gigantic vol- 
canoes (Cotopaxi and Sangay) because its summit is only a little bit above 
the regional snowline. 

No cloud-free Landsat 1, 2 or 3 imagery has been found of Sangay, but 
Antisana, Cotopaxi, and Tungurahua can be seen. Evidence of active volca- 
nism is particularly evident on a Landsat image of Cotopaxi (fig. fi). On the 
Landsat image taken on 4 February 1979, it appears as if t he crater region 
has no glaciers and that the western slope is more heavily influenced by vol- 
canism. One can also see that a narrow ice-free area extends along the 
western slope all the way up to the crater — a phenomenon probably caused 
by geothermal processes. Thus phenomenon can also be seen quite well on 
terrestrial photographs (fig. 7). Figure 8 also clearly shows the asymmetri- 
cal distribution of the ice cover on this very uniform, conical stratovolcano. 
The naturally occurring symmetrical shape of the ice cover that results 
from climatic effects does not remain constant because of the geothermal 
activity. Active volcanism, however, is not the only factor affecting the gla- 
cier's shape. These small, relatively thin glaciers are also strongly influ- 
enced by any type of relief anomaly. 
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Figure 5B . —A vertical aerial photograph shows the partially destroyed snow 
cover. Photograph acquired 13 June 1956 by HYCON. M-172, no. 29671, from 
an elevation of approximately 8,500 m. The scale is approximately 1:50,000. 
Photograph from the Instituto Geografico Militar, Quito, Ecuador, and 
released by Order No. 326, dated 7 July 1980. 
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Figure SC.— A vertical aerial photograph shows the predominantly snow- 
and-ice free summit region. Photograph acquired on 8 February 1965 by the 
U.S. Air Force, AF 60-16, R-77, no. 6894, from an elevation of approximately 
8,500 m. The scale is approximately 1:60,000. Photograph from the Instituto 
Geografico Militar, Quito, Ecuador, and released by Order No. 326, dated 7 
July 1980. 
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Figure 6.— Segment of a Landsat 2 MSS 
image enlarged to a scale of 1:250,000 
showing the active Cotopaxi stratovolcano 
(5,911 m) and its pronounced asymmetri- 
cal ice cap. It is possible to discern the lack 
of snow cover along the crater's edge, 
Cotopaxi is the best example of a glacier- 
ized active volcano in the tropics. The strik- 
ingly dark-looking ring below the glacier 
area is caused by the ash cover that is very 
visible because of the absence of vegeta- 
tion. The bands thus represent elevation 
steps on Cotopaxi. The moraine area near 
the glacier is not identifiable in this image. 
Landsat MSS image (21474-14323, band 7; 
4 February 1979; Path 10, Row 60) from the 
EROS Data Center, Sioux Falls, S. Dak. 




Figure 7— Glaciers on the west slope of 
Cotopaxi during a temporary cloud 
breakup during the afternoon. The highest 
ice-covered north peak (5.911 m) is visible. 
The large glacier-free area, extending from 
the crater's edge in the middle of the 
picture, is probably due to geothermal 
activity. 



The best example of a glacier that is affected by relief anomaly in this 
area is t he glacier development on t he inactive volcano of Altar, a peak hav- 
ing a steep-walled caldera that is breached toward the west. The prevailing 
climate conditions normally produce more extensive glaciation along the 
east slopes. Here, however, the situation is almost exactly the opposite 
because an extensive glacier snout, wliich is present on the west slope, is 
presumably caused by the strong, relief-induced horizontal shading. 

A strikingly good delineation of the Ecuadorean tropical glaciers, which 
even many vertical aerial photograplis do not reveal, is shown by two Land- 
sat unages taken on 4 atid 13 February 1979 (figs. 9, 10). Where image 
reproduction is good, it is possible to identify the snowline on the glaciers 
and to determine an approximate separation between the accumulation 
and ablation areas, something that has not been available for Ecuadorean 
glaciers. (These features can be seen even better on more recent Landsat 
Thematic Mapper (TM) and Satellite pour I'Observalion de la Terre (SPOT) 
images and other newer, remotely sensed data that have increased resolu- 
tion.) These images also make it possible to recognize evidence of Pleis- 
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Figure 8. — Vertical aerial photograph of Cotopaxi showing the crater area 
and most of the summit ice cap. The photograph was taken earlier than fig- 
ures 6 and 7, and the ice-free areas caused by geothermal activity are not vis- 
ible. A recent snowfall also masks the "ash cover" below the glacierized area. 
Photograph number PI0-€9-22b was acquired on 22 June 1963 and is from 
U.S. Geological Survey photograph collection. The approximate scale is 
1:30.000. 
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tocene glaciation that appears very clearly in many reruns, including the 
mountains near Cotopaxi. It is not possible to see any evidence of Pleis- 
tocene glaciation on the active volcanoes Cotojiaxi, Sangay, and Tun- 
gtirahua, however, some former moraine morphology is seen on Antisana. 



Glacier Mapping 



Sketch maps of the glaciers of Chimborazo, the highest mountain of the 
Ecuadorean Andes, are the result of work by Whymper (1892), Meyer 
(1907), and Sauer (1971). In recent decades, topographic maps based on 
aori;il photogrammetry have been produced for part of the Andes Moun- 
tains at scales of 1:50,000 and 1:25,000. (Refer to Haslenralh (1981) and 
table 2 for a detailed listing of these maps.) In addition, Systematic mapping 



Figure 9. — Landsat 2 MSS image of the 
northern part of the Ecuadorean Andes 
(see location in fig. 1) showing the glacier- 
ized volcanoes discussed in the text. Some 
peaks are free of glaciers but show evi- 
dence of Pleistocene glaciation. Landsat 
image (21474-14323, band 7; 4 February 
1979; Path 10, Row 60) from the EROS Data 
Center, Sioux Falls, S. Dak. 
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Figure 10. — Landsat 3 MSS image of the 
southern part of the Ecuadorean Andes 
(see location in fig. 1) showing the area of 
the glacierized volcanoes and two nonvot- 
canic mountains discussed in the text; 
none of the other peaks support glaciers. 
The cloud cover extends into the Andean 
area and obscures glacier identification. 
The glacier peaks in the southeast, Altar, 
Cubillin, Sangay, and Collay are partially 
or completely hidden. Cubillin and Collay 
cannot be recognized at all. Cerro 
Ayapungo is located south of the image. 
Landsat image 130345-14460, band 7; 13 
February 1979; Path 10. Row 61) from the 
EROS Data Center, Sioux Falls, S. Dak. 



of glaciers during the 1970's (Hastenrath, 1981) combined fieldwork with 
evaluation of aerial photographs and topographic maps. 

A detailed study of Cotopaxi, a combination of fieldwork and analytical 
aerial photogrammetry using the STRREOCORD (an analytical photogram- 
mctric instrument) was completed in 198.'? (Jordan, 1984). Regrettably, the 
official maps do not distinguish between snow and glacier surfaces; instead, 
all 3 surface areas covered with snow are reproduced on the aerial graph by 
blue contour lines. As a result, a series of summits, which do not have any 
glaciers, appear to have glaciers on them because of the cartographic illus- 
tration method, or they show ice surface areas that are larger than the 
actual glacier cover. This is particularly true of the glacier areas of summits 
around and below 5,000 m, such as those on Cotacachi, Sincholagua, 
Quilindafta, Cerro llermoso, Tungurahua, CuMHn, Collay, and Cerro 
Ayapungo. 
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Table 2. — Maps of the glacierized mountains of Ecuador 
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1:60,000 
1:25,000 
1:50,000 



1:25,000 



I'hunborazo-Carihuairazo 1:50,000 



1:50.000 



1:50,000 



Cotopaxi .. 



I:2. r i,000 

1:50,000 
1:25,000 

150,000 

1:25,000 
1:50,000 




CC N Ill-US ( Plaza Gutierrez) omso 40 
Plancheta 2 dc hoja 28 (Cotacachi) 

N HI-C3 (San Roque) (3892-IH) 

N IU-C4 (Machachi) (3B92-U) 

N in-EI (Slgi-hos) (3891-IV) 

N III-E2 (Mulalo) (3891-1) 

N Ill-C3b (Rio Zarapullo) (3892-llI-NE) 

N IU-C3d 0\ir*«silUn) (380C-I11-SE) 

N Ol-Cie (Iliniza) (3892-n-SW) 

N III-Elb (Yalo) (3891-IV-NE) 

N in-Eld (Lsmlivl) (38»l -IV-SE) 

N HI-E2a (Pastocalle) (3891-l-NW) 

N P/-A3 (SimiatuR) (3890-III) 
N rV'-Cl (Criiiiiborazo) (38S9-IV) 
N IV-03 (Guaranda) (38B9-III) 
N IV-A4 (Ambato) (J800-II) 
N IV-C2 (Quero) (3889-1) 



CC N II-F4 (Cayambe) cinso 65 

CC O II-E3 (Laguna San Marios) censo fifi 

CC N II)-fJ2 (Cancagua) ctrtso 79 

CC O II1-A1 (Saraurru) censo 80 

CC O Tll-Al (Saraurcu) censo 80 

N II1-D2 (Papallacta) censo 114 

N II1-D4 (Ijtguna Mlrarorha) censo 1.10 

N lll-lr>c(Arilbaiui) 

N M-D2d (Rio Quinjua) 

N ni-r>4a (Laguna de Miracocha) 

N III-D4b (Rio Quuos) 

\ III-DI (Plntag) ( 3992-IV) 

N UI-D3 (Sincholagua) (3092-111) 

N ni-Dld (la Cocha) (3992-IV-SE) 
N Ul-D8a (Rayoloma) (39H2-III-KW) 
N ni-aib (SinohoUuriia) (3992- lll-NE) 
N Ul-IXJd (Lago Sinigchocha) (IKWJ-Ill-SE) 

N ni-OI (Machachi) (3892-11) 
N 11I-D3 (Sincholagua) (3992-111) 
N III-E2 (Mulalo) (3891-1) 
N lil-Kl (Cotopaxi) (3891-IV) 
N D!-D3c (Rio Pita) (3992-I1I-SW) 
N III-Fla (Cotopaxi) (3991-IV-NW) 

NU1-F1 (Cotopaxi) (3891-IV) 

N ni-F3 (Lagurui «V Anicojos) (3891-111) 

N UI-F4 (Chalupas) censo 152 
NIV-B3 (Sucre) (3990-III) 

N IV-DI (Banos) censo 173 
N IV-D3 (El Pungal) censo 180 
N IV-D3 (El Pungal) censo 180 
N IV-F1 (Iluamboya) ccnso 187 

N IV-Fl (Iluamboya) censo 187 
Not available 

Shift 71 ( Alausi) published 1975 (Geologic map) 
N V-A4 (Totoras) 

Sheet 71 (Alausi) published 1975 (Geolojrio map) 

N V-A4 (Totoras) 
N V-C2 (Iluangral 
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Aerial Photographs 

Vertical aerial photographs of good quality exist for most of the glacier- 
ized mountains (Refer to Hastenrath (1981) and table 3 for a detailed list- 
ing of these photographs.) Because the aerial photographs were taken for 
general survey, not glaciological purposes, and because of the frequent 
cloud cover in the humid-tropical Ecuadorean Andes, the aerial surveys 
were down at the first favorable opportunity. Therefore, most photographs 
do not record t he optimum glacier exposure possible during the cloud-free 
intervals of the minimum precipitation montlis (see fig. 2). This, in most 
cases, makes it more difficult and sometimes imtwssible to make a good gla- 
ciological evaluation from the aerial photographs. In addition, owing to the 
diurnal precipitation total and the year-round frequent snowfall events, the 
aerial photographs in many instances show a fresh snowfall, which reveals 
little in the way of relief contrast. It is, therefore, understandable that the 
contour lines on maps derived from these photographs can render only a 
very rough approximation to the actual relief. All these fact-s make accurate 
interpretation of glaciologic features from the existing aerial photography 
very difficult. 



m a in. 



TABLE !i — Aerial photographs of the glacietiscd mountains of Ecuador 
plvmugmptiic mission d>stgnaaaii& I'SAK. I'.S. Air Force. VM. v 
ueululo tJeognUlc. MUUar. AMS. U S Army Map Se rvlce) 



IOM. 



darter urea 



Dale 



Photograph idrnliftrauon 



Cotacachi 
lUlilJUi 



Cayambe.. 



Smchotajnia 
Cotouoxi 



15 Feb 1956 

07 Mar 1903 
24 Jiui t9fi2 
22Jun 1963 
24 Jun I9G2 

24 .Inn 1962 
26Jitn 1962 
12 Nov 1963 

01 Nov 1977 
10 Nov 1977 

08 Feb I96T, 
08 Feb 1965 
17 Feb 1966 
31 May 1978 
17 Nov 1966 

02 Aug 1978 

16 Feb I960 

07 Feb 1965 

08 Feb 1965 

02 Apr 1977 
15 Feb 1950 
15 Feb 1956 

25 Nov 1956 

03 Jan 1976 
15 Feb 1956 
01 Feb 1966 



HYCON: no* 124256-124257, 124268-124269 
USAF. nos 2637-2638. 2653-2654 
USAF: VM AST-2. 1370 PMW, roll 26, nos. 1855-1856 
USAF: VM CAST-9, 1370 PMW, roll 52. no* 4451-4453 
USAF VM AST-2. 1370 PMW. roll 27. nos. 2048-2050 
USAF: VM AST-2, 1370 PMW. roll 26, nos. 1878-1884 
USAF: VM AST-2, 1370 PMW. roll 26, nos 1946-1949 
USAF: VM CAST-9, 1370 PMW. roll 71, nos. 6313A-6315A 
Proyerto: Carta Nacional. H-28 IGM, nos. 5542-5544 
Proyerto: Carta Nacional, R-29 IGM. nos. 579 1-5794 

Cordillera Oriental 
USAF: linea 52A, nos. 71 17-71 19 
USAF: linea f>4, nos. 7177-7178 
USAF: linea 56. nos. 7596-7598 
Proyerto: Carta Nacional. R-33 IGM, nos. 6763-6766 
I 'SAF: linea 56, nos. 7601-7602 
IGM JET: linea 30-D-K-33. nos 6766, 6782-6783 

HYCON: W. HY, M. 142 AMS 153, linea 538. nos. 124156-124159; linea 539. nos 124217-124220 

USAF: VM 1370 PMW, R-76, linea 49, nos. 6730-0732; linea 52, nos. 671 1-6714 

USAF: VM 1370 PMW, R-78, llm-a 52A. nos. 7102-7104 

Proyecto: Carta Nacional. R-20 IGM. nos. 3886-3888. 3825-3827 

ItYCON: W. HY, M. 142 AMS 163, nos. 124289-124292, 124312, 12423.1 

irVCON: W. HY. M, 142 AMS US), nos. 12429ft- 124294, 124307-124309 

HYCON; VV. HY. M, 174 AMS 153, nos 29767-29768 

IGM JET linea R6. nos. 1076-1078 

HYCON: W. HY. M, 142 AMS 153, nos. 124295-124287, 124227-124228 
USAF: VM. 1370 PMW, AF 60-16, R&), no* 7690-7691 
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TABLE 3. — Aerial photographs of the giarierUrd mounta hut of Ecuador— Continued 
HYCON. JET, Ecuadoran, aenal photograph* muwlon designations I SAF U S Ajr Forre; VM. vertical mapping. PMW. 

InstJtuto Geograftro MiliUr AMS. I S Army Map Scrvicel 



Dnlr 



ItuHogniph IdrntiBralion 



Cerro Hcmioso 13 Jun 1956 

17 Sep 1976 

Tuntfurahiaa 15 Feb 1956 

04 Apr 1977 

Altar 15 Feb 1056 

02 Apr 1977 
.11 May 1978 

CubiUin 22 Apr 1963 

04 Apr 1977 

UUiin 1956 

08 Fob 1965 

15 Feb 1956 

04 Apr 1977 

Ccrro Ayapuimo 15 Feb 1956 

04 Apr 1977 



Cordiilerm Oriental— Continued 

HYCON: linea 546, nos. 29652-29653 

IGM JET linca l-R-12. m* 2M2-2344; Unea 2-K-12. nos. 2353-2:)55 

HYCON: linea 541, not 29002-29604, linea 642. nos. 295U8-2954(>. linca 543, nos. 29787-29788 
Proyecto: Carta Narional, R-21 KiM, nos. 4000-1(102 

HYCON: linea 541, nos 29505-29599; lii«-a 543. nos. 29543-29545. linea 543, r«« 29792 29793 

IGM JET linca 24-H-21. nos. 4004-4011 

Proyecto: Carta Nacional, R-33 IGM. nos. 6848-68M 

USAF: linea 44, nos 46*4-4690 

IGM JET linea 23-R-21. nos. 4041-4042 

HYCON: M-172, nos 29671-29672 

CSAF: VM, 1370 PMW, AF 60- 16. R-77, nos. 68a>-6S95 

HYCON: linea 543, nos. 29809-29812 

IGM JET linea 22-R-21, nos. 4107-1108; linea 23-R-21, nos. 4028-4031 
HYCON: linea 543, nos. 29809-29812 

IGM JET linea 22-R-21. nos. 4107-4108; linea 23-R-21. nos, 4028-4031 



Satellite Imagery 



Optimum Landsat imagery of glacierized areas of Ecuador is listed in 
table 4 and located in figure 11. These images, namely Landsat multispec 
tral scanner (MSS) images 21474-14:123 and 30345- 14400, acquired on 4 
and 13 February 1979, respectively (figs. 9 and 10), are particularly useful 
because they are comparatively cloud free. They include the northern and 
sout hern parts of t he Ecuadorian Andes, respectively. I Weeding front 
north to south, we will discuss first the Cordillera Occidental and then the 
Cordillera Oriental with reference to these two satellite images. For more 
general aspects look also at the section on Bolivia in this volume In the 
northern part of the Cordillera Occidental, Cotacaehi can be identified on 
Landsat image 21474-14323 (fig. 9) only a short distance to the north of 
Laguna Cuicocha. This mountain still carries perennial ice. but it caiuiot be 
seen on the satellite image because the glacier area is too small. The moun- 
tains Volcan Picltincha and Corazon can be identified in the Quito region 
They are not glacierized presently, but perennial ice persisted into the last 
century. Southward from Corazon lie the twin peaks of Iliniza. The more 
southerly peak carries an ice cap from wltich 10 outlet glaciers descend. 
The mountain appears free of clouds on the satellite image, and the ice 
cover can be seen with difficulty. The gross morphology of an older moraine 
system is well depicted. 

In the southern part of the Cordillera Occidental lies the highest moun- 
tain in Ecuador, Chimborazo (6,310 m), and the neighboring but much 
lower peak of Carihuairazo (5,020 m) (fig. 10). Both carry ice caps; the 
former has 22 and the latter, 9 outlet glaciers. The mountains appear nearly 
free of clouds on Landsat image 30345-14460 The glaciers on Carihuairazo 
can be seen only on the false-color composite image and not on the black- 
and-white Landsat image; the glacierization of Chimborazo is conspicuous 
in both versions. The gross morphology of older moraines on the Chimbo- 
razo-Carihuairazo massif can also be recognized on the satellite image. 

In the northern part of t he Cordillera Oriental, Cayamhe is well depicted 
in figure 9. Tliis mountain carries an ice cap that feeds 20 outlet glaciers, 
Saraurcu to the southeast is free of clouds on the satellite image and can be 
seen as a small white point. Antisaiia is cloud free and has an ice cap (hat 
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EXPLANATION OF SYMBOLS 

Evaluation ol image usability tor glsciologic. 
geologic, and cartographic i 
defined as follows: 



s (0 to s5 percent cloud covert 
J Fa»rtopoor«magel»i0tosl00c 



O Nominal scene center lor a Landsat 
■mage outside the area of glaciers 



11.- Optimum Landsat 1. 2, and 3 
images of the glaciers of Ecuador. 
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Table 4.— Optimum Landsat I, 2, and 3 images of glaciers of Ecuador 

| Set- Ag. 1 1 far explanation of symbols used In the -code' cotumnl 



Path Row 


Nunutial scene 
ratter (lal long) 


Hienuiii jii- in 
number 




Solar 
elevation 

angle 
(degrees) 


Code 


Cloud 
covw 
(percent) 


Remarks 


10-60 


00°00'N. 
78°23'W. 


21474-14323 


04 Feb 79 


43 


W 


0 


Excellent of all glacierized areas 


10-61 


01*26'N. 
78°44'W. 


30345-14460 


13 Feb 79 


47 




60 


Cloud-free image of glaciers of Qutl- 
indana and Chunborazo-Carihualr- 
azo. Other glaciers partially or 
completely cloud covered 


10-62 


02'53'S. 
79*04'W. 








O 




No cloud-free image available of gla- 
ciers of Cerro Ayapungo 



feeds 17 outlet glaciers. The gross features of modem ice extent and older 
moraine morphology are shown especially well. Sincholagua also appears 
free of clouds on the satellite image. The mountain carries three small ice 
fields, but these are not apparent at all on the black-and-white version, and 
they are only barely visible on the false-color composite version of the satel- 
lite image. The gross features of older moraine morphology are, however, 
very well delineated. The volcanic cone of Cotopaxi is particularly conspic- 
uous on the satellite image. With a summit elevation of 5,91 1 m, it is consid- 
ered to be one of the highest active volcanoes on our planet. An ice cap that 
covers all but a few rock outcrops on the upper part of the mountain feeds 
23 outlet glaciers. 

The part of the Cordillera Oriental that lies sout h of Cotopaxi is covered 
by figure 10. Quilindana, which is free of clouds, supports only two small 
glaciers, but these do not show on the black-and-white image and are only 
barely visible on the false-color composite version of the satellite image. 
The area of Cerro Hennoso is obscured by clouds on this image. The small 
summit ice cap ofTungurahua appears partly obscured by clouds. Altar, the 
most beautiful mountain of the Ecuadorean Andes, is also partly obscured 
by clouds. Altar has a caldera tliat opens toward the west. It is especially 
heavily glacierized on its eastern Hank, where 6 separate outlet glaciers are 
present, although these are not discernible on the satellite imagery. An 
additional three ice masses present in the caldera are partially shaded in 
the satellite images. However, the large caldera lake that formed during the 
course of this century' is visible. Gross feat ures of older moraine morphol- 
ogy can likewise be recognized. The identification of ice and snow on 
Cubitlbt is marginal. A cloud sheet on the Amazon side of the cordillera 
extends to the region of Sangay, so this active, ice-clad volcano cannot, be 
discerned on the satellite imagery. The ice extent on Collay appears to be 
too small to show on the satellite image, and Cerro Ayapungo lies just sout h 
of the image. 

Because the 4 February and 13 February 1979 Landsat images provide 
an excellent record of many of the glaciers, it has been possible to deter- 
mine the ice surfaces with a greater degree of accuracy llxan has been the 
case so far for most of the glacierized regions in Ecuador. Additional cer- 
tainty has been gained through comparison with the precisely surveyed 
Cotopaxi glacierization pattern (Jordan, 1983). Table 1, which provides 
information on the glacierized areas of the Ecuadorean Andes, was leased — 
as far as Chimborazo, Cayambe, Antisana, and Altar, are concerned — on 
analysis of satellite images usifig the STEREOCORD, which especially for 
Cotopaxi, reveals an excellent agreement with the area calculated by 
means of aerial photogrammetry (±3 percent ) Further information on this 
method can he found in papers by Mohl (1980), Jordan and Kresse (1981). 
and Sehwebel and Mohl (1984). 
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Even though small glaciers cannot be easily identified on Lanctsat MSS 
images and are even sometimes hard to identify on Landsal TM and SPOT 
satellite images with absolute certainly, especially where they appear 
obscured by clouds, the interpretation of larger ice surfaces (covering more 
than 0.2 km" (20 ha) is very accurate. It would even be possible, in case of 
high-quality, cloud-free imagery, such as the February 1979 data, to distin- 
guish accumulation and ablation areas from each other on larger glaciers 
and thus make glaciological determinations that are not. possible now. The 
use of high-resolution satellite imagery is especially important for glaciolog- 
ical studies here because no suitable aerial photography exists. Images of 
Chimborazo, Cayambe, Antisana, and Ootopaxi have been enlarged to 
scales or about 1:250,000 and 1:200,000 (see figs, ft and 12) in an attempt to 
illustrate these applications. Ecuador's characteristic glacier type stands 
out very' clearly on the Landsat images. The ire caps on the compact volca- 
nic cones appear to be round to oval in a flat-surface projection, and the 
outlet glaciers, which diverge in the ice-free areas downslope, appear as 
frazzled edges. This special type of continental t ropical glacier, an ice cap 
on the summit of a conical volcano, is suitable, where large enough, for 
interpretation from satellite imagery. These ice caps are generally less 
obscured by shadow-casting features, with the exception of the Altar 
nevado (snowfield), than are marginal tropical glaciers (see the section on 
the glaciers of Bolivia in this volume). The Landsat images, especially the 
one of 4 February 1979, would be worth processing digitally by using con- 
trast-enhancement methods. The digitally enhanced images could be used 
to distinguish more clearly the glacier features and boundaries and to 
determine glacier areas. 



Figure 12. -Paris of Landsat MSS images 
of volcanoes in Ecuador that have glacier 
areas greater than 0.2 km 2 (20 ha). These 
images are enlarged to a scale of about 
1:200,000 in order to illustrate the typical 
continental tropical glacier on a volcanic 
cone. The ice caps have round to oval out- 
lines and lobate edges (outlet glaciers). In 
some areas, it is possible to separate the 
accumulation and ablation areas on the 
glaciers by means of the different gray 
tones. 

A, Cayambe, in the northern part of the 
Cordillera Oriental, carries an ice cap that 
feeds 20 outlet glaciers, many of which 
can be delineated on the image. 

B, Antisana, also in the northern part of the 
Cordillera Oriental, has an ice cap that 
feeds 17 outlet glaciers. Many of these are 
visible, in addition to ablation features on 
the ice cap. 

C, See facing page. 
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Figure 12C.—Chimborazo, in the southern part of the Cordillera Occidental, 
has an ice cap that has 22 outlet glaciers. Clouds obscure some of the gla- 
ciers, but the majority are visible. Also visible on the image to the northeast 
of Chimborazo is Carihuairazo, although its ice cap and nine outlet glaciers 
cannot be delineated. Figures 72A and 12B are from Landsat image 
21474-14323, band 7; 4 February 1979; Path 10, Row 60. Figure 12C is from 
Landsat image 30345-14460, band 7; 13 February 1979; Path 10, Row 61. Both 
images are from EROS Data Center, Sioux Falls, S. Dak. 
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Abstract 

The glacierized areas of Pert are found in 20 distinct mountain ranges (cordilleras) 
extending from centra] northern Pert to its southern border, and they include two major gla- 
cier systems. The largest system, which is in the central northern part of Pert In the Cordil- 
lera Blanoa, extends along a distance of 200 kilometers; it has a total glacicrized area of 723. 1 
square kilometers. The second largest system has a glacierized area of 539 square kilometers 
and Is in the southeastern port of Pert in the Cordillera de Vilcanota. The estimated total ice- 
covered area within Pert is about 2,fi00 snuare kllometers- 



The glacierized areas are very important because runoff ( me Itwat er ) from glaciers is used 
for agricultural, industrial, and domestic purposes- Rtutoff from glaciers is particularly impor- 
tant in the hype rand coastal areas. On the other hand, some glacierized cordilleras have his- 
torically been the sites of catastrophes such as ice avalanches, floods, and the like. In the Kfo 
Santa valley, adjacent to the Cordillera Blanca, for example, 22 such catastrophes of glacio- 
logical origin have taken place since 1702 and have caused the destruction of (owns, villages, 
and croplands and have killed tens of thousands of inhabitants. 

In this century, studies were begun in 1927 for agricultural, industrial, and scientific pur- 
poses, and since 1941. studies and construction projects have been undertaken to prevent 
damage from glacier hazards. The Government of Pert has completed many successful enp- 
neering projects that drain glacier lakes in order to reduce the danger of failure and cata- 
strophic flooding, Prom 1974 to 1984, the Vurlcrtiya ice cap in the Cordillera de Vilcanota. 
southern Pert, has been intensively studied by Ohio Stale University. In cooperation with 
Peruvian institutions, in order to determine paleoclimatic conditions. In addition, a national 



inventory of the glaciers of Pert was finished in IflSB by the Department of Glaciology and 
Hydrology of llidrandina S.A. 



Peru is located on the western side of South America between lat 0" and 
18°S. and long 69° and 81°W.; it is traversed by the great Andean mountain 
system tliat extends along the entire western side of South America (Pet er- 
son, 1958; Ricker, 1977). Extensive areas of this mountain system are gla- 
cierized. The Peruvian Andes comprise three major ranges or Cordilleras: 
Cordillera Occidental on the west, Cordillera Central in the middle, and 
Cordillera Oriental on the east (fig. 1). The high average elevation of the 
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three cordillcras, together with regional and local climatic conditions, has t 
resulted in the extensive development of glaciers in many locations 
(Heim. 1947; Morales Arnao, C. 1953-15*95, 19M, Morales Aniao. B., 
1969c; I'rancou, H*H4). In fact, the Peruvian Andes have the largest area 
of tropical glaciers on Earth (Mercer, 15MV7; Kinzl, 1908). The total ice- 
covered area is estimated to be 2,fi<>0 knr (Hidrandinn,1988). The aver- " 
age minimum elevat ion of glac iers in Peru is 4.800 m above sea level (asl). 
In the discussion that follows, the glacicrized areas have been grouped 
into 20 distinct cordilleras (Morales Arnao, (.:„ 19<>4) (tig. 2, table 1). Each 
of these areas is briefly described, first those in the Cordillera Occidental f 
followed by those in the Cordillera Central and then those in the Cordil- 
lera Oriental. Witliin each cordillera. the areas are described from north to 
south. The largest single glacier, the QtU'lrcayti ire nt/j. is in the Cordil- 
lera de Vileanota Of the next 11 largest glaciers. 8 are located in the Cor- 
dillera Blanca (table 2). » 



Figure 1. —Principal cordilleras 
Andes Mountains in Peru. 
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Figun 2.— Distribution of the 20 glacierized Cordilleras of Peru shown in 
green and the location of some of the principal rivers. Abbreviation: R., Rio. 
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TABLE 2.— Principal glaciers of Peru 
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Climatic Conditions 

The glaeierizat.ion of the Cordilleras in Peni is directly related to the 
physical geography of the Andes, the elevation of the mountains, and the 
precipitation pattern. Generally speaking, the precipitation that falls on the 
glaciers comes from the Amazon and Parana basins to the east of the moun- 
tains and falls as snow in the Andes because of the high elevations. The 
annual precipitation of snow in t he highest cordillera is bet ween 1,200 and 
2.500 mm of water This results in an annual accumulation of 2 to 3 m of 
snow between 5.00(1 and fi.flOO m of elevation The equilibrium line altitude 
that separates the accumulation area of glac iers from the lower ablation 
areas is between 4,800 and 5,100 m. 

Hollin and Schilling (1981, p. 191) summarized the lowering of the snow- 
line in the Peruvian Andes during the Pleistocene; "...the Pleistocene snow- 
line was . .4,000 m on the seaward side and 3,700 m on the landward side in 
northwest Peru; 4,300 m ill central Peru, and 4,500 m in the southwest and 
4,200 in in the northeast in a transect through Arequipa." Mercer and Pala- 
cios (1977) found evidence for a snowline of about 4.200 m for Nevado 
Auzangate in the Cordillera de Vileanota in the last Wiseonsinaii and a 
snowline of 3,650 in for the coldest part of the Pleistocene; this compares 
with 4,600 m for the elevation of the modern glacier termuius. It is clear 
that the Andean mountains of tropical South America also experienced 
major climate cooling during the Pleistocene. 

The Humboldt Current and the El Nino Current cause the unusual cli- 
matic conditions in Peni. The lowlands along the Pac ific Coast have a 
hyperarid climate with infrequent rains and sparse to nonexistent annual 
precipitation. In contrast, the Andean highlands have alternating dry and 
rainy seasons and moderate precipitation. The eastern slopes of the Andes 
receive the greatest precipitation because of moisture from the vast Ama- 
zon basin, and precipitation continues throughout the year. 

Because of these climatic variations, the flora and fauna in the arid 
coastal regions are completely dependent upon water from the Andean 
region (Dollfus, 19f>5). The glacierizcd areas in the Cordillera Occidental 
are very important as the unique sources of permanent water supply for the 
desertlike coastal areas of Peni 
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Paleoclimatic Conditions 



Studies of ice cores from the Quelccai/a ice cap in southern Peru by 
Oliio Slate University, in cooperation with Electropeni, have provided new 
data about climatic conditions during the last 1,500 years. The studies 
included measurement of oxygen and other isotopes, as well as the study of 
conductivity and microijarticles in the ice cores (Thompson and Dans- 
gaard, 1975; Thompson, Hastenrath, and Morales Arnao, 1979; Thompson, 
1980; Thompson, Bolzan, and others, 1982; Thompson, Mosloy-Thompson, 
Grootes, and others, 1984; Thompson, Mosloy-Thompson. and Morales 
Arnao, 1984; Thompson, Mosloy-Thompson, Bolzan, ami Koci, 1985; 
Thompson, Mosloy-Thompson, Dansgaard, and Grootes, 1986; Thompson 
and Mosloy-Thompson. 1987, 1989; Thompson, Davis, and others, 1988). 

The results of such paleoclimato studios, including those of Hastenrath 
(1967), Nogami (1972), Mercer and Palacios (1977), and Wright and others 
(1989), together with present-day climatic data, will load to a more accu- 
rate understanding of climatic variability in the region. This information 
also should be helpful in planning the most cost-effective development of 
the hydrological resources of Peru. 



The presence of glaciers in Peru was first mentioned in 1532 by Miguel 
de Astete, who was one of the members of the Hernando Pizarro Expedi- 
tion; they crossed the Cordillera Blanca while traveling from Cajamarca to 
Pachacmnac (Lima) (flg. 2). The first noted major glacier-related catastro- 
phe was in 1702, when an outburst flood from a glacier lake destroyed part 
of the city of Huaraz. In 1725, floods again caused damage in Huaraz, and 
on the same day, an ice avalanche dest royed the town of Ancash. Antonio 
Raymondi described glaciers of the Cordillera Blanca in 1866 (Raymondi, 



Glacier studies were begun in modern lime by Ingeniero (Ing.) Jorge 
Broggi (Broggi, 1943, 1945) who, in 1927, commented on the influence of 
glaciers at the Raura Mines. Since 1932, several Austro-German exj>editions 
led by I*. Borchers and Professors Hans Kinzl and E. Schneider have sur- 
veyed and studied the Cordillera Blanca (Kinzl. 1935, 1942. 1964; Kinzl and 
Schneider, 1950) and Cordillera Huayhiiash (Kinzl, Schneider, and Ebster, 
1942; Kinzl, Schneider, and Aworzger, 1954); they made several accurate 
maps at scales of 1:200,000, 1:1011,000, and 1:50,000 by using terrestrial 
photogrammetry The expeditions also included observations of lakes and 
glaciers of the region (Kinzl, 1940). 

In December 1941, a flood caused by the failure of a moraine dam at a 
lake in the Cordillera Blanca destroyed about 25 percent of the city of Hua- 
raz. The carastrophe prompted the Instituto Geol6gico del Peru, under the 
direction of Ing. Jorge Broggi and the Commission of Cordillera Blanca 
Lakes, to begin a study and inventory of lakes and glaciers in the Cordillera 
Blanca. In addition, engineering projects were initiated to prevent or miti- 
gate flood disasters caused by glacier-lake outbursts. This work has contin- 
ued with some interruptions until the present (Fernandez Cutuha, 1957: 
Morales Arnao, B., 1969c). 



History of Glacier Studies 



1873). 



Modern Glacier Studies 
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Between 1944 and 1945. the Institute Geologico del Peru extended its 
glacier studies to the Cordilleras Ontml. Vileabamba, Carabaya. and 
Apolnbamba (fig. 2). Between 1945 and 1972, the Corporacion Peruana del 
Santa and the Regional Office of Electricity sponsored a number of studies 
that led to a series of reports on glaciers, glacial geology, and glacier lakes 
in the Cordillera Blanca: Oppenheim and Spann (1946), Heim (1947), 
Szepessy (1949, 1950), Trask (1952, 1953), Fernandez Concha (1957), 
Morales Arnao, B. (19(52, 19(5(5, 19(')9a, d), Petersen (19(57), Ames (19(59), 
Lliboutry (1977), Lliboutry, .Morales Arnao, Pautre, and Schneider (1977), 
and Uihoutry, Morales Arnao, and Schneider (1977). 

From 1966 to 198(5, Ing. Benjamin Morales Arnao, initially with the Cor- 
poracion Peruana del Santa and later with Elect ropeni, organized a special 
department of glacier studies (Kinzl, 1970); this department had as its pri- 
mary- objective the carrying out of studies of glaciers of the Cordillera 
Blanca and the planning of construction projects that would prevent cata- 
strophic floods (Corporacion Peruana del Santa, Klectropeni, 19(57-1995; 
Morales Arnao, B., 19t59e, 1971; Schneider, 19(19) The studies were begun 
in the northern part of the country. The Institute de Geologia y Minerfa 
extended glacier studies to the entire country and had the goal of a com- 
plete inventory of glaciers and glacier lakes in Peru. The inventory was 
completed in 1988 (Hidrandina. 1988). 

Starting in 1978, international agreements were signed with several 
institutions lo support glacier studies, these included an arrangement with 
the Federal Institute of Technology, Zurich, Switzerland, to contribute 
Peruvian glacier data lo the World Glacier Inventory Project, as well as 
cooperative research with Ohio State University on studies of palcoiiimatc 
from ice cores of the Quclccaya ice rap in the Cordillera de Vilcanota 
(Thompson, Mosley-Thompson, Grootes, and others, 1984) and from the 
Cordillera Blanca. More recently cooperative glacier studies have been 
established with the French Institute of Andean Studies and the Institute of 
Geography at the University of Innsbruck, Austria. 



Peruvian Cordilleras 

Cordillera Occidental 

Cordillera Blanca 

The Cordillera Blanca is the most extensive tropical ice-covered moun- 
tain range in the world and has the major ice concentration in Peru. It is 
part of the Cordillera Occidental and trends in a northwesterly direction for 
about 200 km between lat 8°08' and 9'58'S. and long 77W and 77"52'\V. 
(figs. 2-5). It marks the continental divide; Rfo Santa on the west drams 
into the Pacific Ocean, whereas Rio Maranon on the east drains into the 
Atlantic Ocean The Cordillera Blanca has five of the most spectacular 
peaks above 6,000 m in the Peruvian Andes. The Iiighest peak (Nevado 
Huascaran) rises to an elevation or 6,768 masl. A total of 722 individual gla- 
ciers are recognized in the Cordillera Blanca, and these cover an area of 
72'1.4 knr. Most of these glaciers are on the western side of the ranges, 
where 530 glaciers cover an area of 507.5 knr. On the eastern side are 192 
glaciers that cover an area or 215.9 knr; the lowest glacier terminus is at 
4.200 m asl. Most of the glaciers, 91 percent of the total, are classified as 
mountain glaciers; they are generally short and have extremely strep 
slopes. The rest are classified as valley glaciers, except for one ice cap, Four 
are similar to rock glaciers (Kinzl, 19*5. 1942, 19(54. Kinzl and Schneider, 
1950; Morales Arnao, C, 1964; Morales Arnao, B , 1969a, b: figs, 3 and 4; 
tables 1 and 2). 
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Figure 3. — Distribution of glaciers (shown in green) in the Cordillera Blanca 
and Cordillera Huallanca. The Cordillera Blanca is the most extensive tropi- 
cal ice-covered mountain range in the world and has the largest ice concen- 
tration in Peru. 
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Cordillera Blanra on Landsat Imagery 

Hy Stefan L Hastenrath 

Figure 4, the best available Landsal 1, 2, or 3 image of the Cordillera 
Blanea area, provides an excellent pictorial overview of the major glaeier- 
ized areas. North of the main glacierized segment of the Cordillera Blanca 
can be seen the ice cover on Nermdos Pelagatos and the Nevados Rosco. 
The great bend of the Rio Santa valley (on the left center of the image) 
broadly marks the northern extremity of the Cordillera Blanra (fig. 4). The 
gross physiography of the area is dominated by this deep valley, as well as 
the Cordilleras Negra and Blanca on the west and east, respectively. It is 
possible to identift' the separate glacierized areas on Nevados Andaymayo 
in the northwestern part of Cordillera Blanca. 



Figure 4, -Annotated Landsat 2 MSS 
false-color composite image (2194-14351; 
4 August 1975; Path 8, Row 66) of the 
northern part of the Cordillera Blanca. 
Abbreviation: Q., Quebrada. Landsat 2 
image from EROS Data Center, Sioux 
Falls. S. Dak. 
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Two tributaries of Kio Santa, Qtwbrada Quitaracsa and Quebrada 
Santa Cruz, hound the complex glacier system of the Nevados Pucahhva 
and Neeados Santa Cms (fig. 4). The Quebrada Santa Cruz valley and 
Quebrada LlanganttCO to the south delineate another glacier system, 
arranged in horseshoe form around Rio Par6». Within this area are the 
mountain peaks Aguja Nevada, Artesonraju, Charraraju, and Nevados 
Huandoy. These peaks can be seen in the panoramic view shown in figure 5. 
The Quebrada Uanganuca and the Rio Vila bound the Huascaran massif. 
The saddle between the north and south peaks of Nevado Huascaran can be 
seen in figure 4; particularly conspicuous are the scars of the catastrophic 
Huascaran debris avalanche of May 1970 (W'elsch and Kinzl, 1970; Morales 
Arnao, B., 1971; I'lafker and Ericksen, 1978) that originated on the west 
side of the north peak and completely destroyed the city of Yungay (see 
figs. 6 and 12). 
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Figure S. —Panoramic view in the northern 
Cordillera Blanca taken from the summit 
of Nevado Chopicalqui looking from the 
northwest (left) to the north (right). Photo- 
graph by Leigh Ortenburger. 




Figure 6 — Oblique aerial photograph of 
the site of the former village of Yungay, 
which was completely destroyed 31 May 
1970 by a massive ice-and-debris ava- 
lanche in the Cordillera Blanca. The ava- 
lanche originated from the west side of 
the north peak of the Huascaran massif. 
Photograph courtesy of Servicio Aerofo- 
tografico Nacional (S.A.N. ). 
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Between Rio Vila on the north and Quebrada Honda on the south, a 
large glacierized area culminates in the Neiado Cojxi Grande (6,188 m). A 
large, continuous glacierized area extends from the Quebrada Honda 
southward to about the Rio Negro, but only the northern tvvo-ttiirds is 
depicted on the Landsat image (fig 1). Tlus extensive glacierized area 
includes the Nevados Ocshajxilnt and Raurajjalca and the Laguna Lkua 
mountain massif. The southern part of this glacierized region and tliree 
other glacierized areas in the southern part of the Cordillera Blanca are 
covered by another Landsat image further south (see table 7). Some maps 
of the Cordillera Blanca are listed in table 5. 



Cordillera Huallanca 

The Cordillera Huallanca, a small glacierized range between lat 'J"52' 
and 10WS. and long 76"58' and 7WW.. also is part of the Cordillera 
Occidental. The range is about 19 km long, and the glacierized area covers 
22.4! km". It drains westward into Rio Pativilca and the Pacific Ocean, as 
well as eastward into Rio Maranon and the Atlantic Ocean. The highest 
peak reaches 5,480 m asl (figs. 2 and 3, table 1 ). 

Cordillera Huayhuash 

The Cordillera Muayhuash, between lat UY'll and 10"26'S. and long 
76"50' and 7? WW'., is part of the Cordillera Occidental of Peru. It is about 
26 km long, and the glacierized area is 88. 1 1 knr. 'Die highest peak is Cerro 
Verupaja at an elevation of 6.a*j4 m asl Most of the glaciers are or the moun- 
tain type and drain into the Pacific and Atlantic Oceans by Rio Pativilca and 
Rio Maranon, respectively (fig. 2, table 1) 

Cordillera Raura 

The Cordillera Raura, also part of the Cordillera Occidental, lies between 
lat 10*21' and 10'31'S. and long 76"41' and 76"50'W. It trends northwesterly 
and is about 20 km long (fig 2. table 1). The glacierized area is 57.03 knr. 
and the glaciers are classified chiefly as mountain glaciers. The highest 
peak, Cerro Santa Rosa, rises to 5,727 m asl. The area drains into the 
Pacific Ocean by Rio Pativilca and Rio lluaura and into the Atlantic Ocean 
by Rio Maranon and Rfo Huallaga. 

Cordillera La Viuda 

The Cordillera La Viuda is about 130 km long, trending northwesterly 
between lat 10°33' and 11°37'S and long 76°07' and 76 <I 42AV. It consists of 
small groups of ice-covered mountains (fig. 2, table 1). All of the glaciers 
are mountain glaciers and cover an area of 28.5 knr. Drainage is westward 
into the Pacific Ocean by Rio lluaura, Rio Cham-ay, Rio Chillon, and Rio 
Rimac and eastward to the Atlantic Ocean by means of Rio Huallaga and 
Rio Mantaro. The highest peak in t he range is \\\e Net-ado Alcoy at 
5,780 in asl. 

Cordillera Central 

The Conltllem Central lies between lat I P37' and 12"26'S. and long 
75' J 30' and 76"18'\V,, trends northerly for 100 km. and is within the Cordil- 
lera Occidental (fig. 2. table 1). Glaciers are most prevalent in two areas 
totaling 176.3 knr. They are mostly mountain glaciers, but a few valley gla- 
ciers are also present. Drainage is to the Pacific Ocean by Rio Rimac and 
Rio Canetc and to the Atlantic Ocean by Rio Mantaro. The highest peak is 
the Nemdo Cotoni at 5,817 m asl 
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Cordillera de Chonta 

The Cordillera de Chonta consists of a series of ice -capped peaks 
extending in a northerly direction for about 50 km between lat 12 C 37' and 
13°07'S. and long 75 q 00' and 75°30'W. and is in I he western branch of the 
Andes (fig. 2, table 1). The area of its glaciers, estimated from Landsat 
images, is 42 km". Several separate, small groups of glaciers exist. Drainage 
is to the west into the Pacific Ocean by Rio Cartel e and to the east into the 
Atlantic Ocean by Rio Manlaro. The highest peak is Nevada Palo mo at 
5,305 m asl. 

Cordillera de Hoanzo 

The Cordillera de Huanzo is a glaeierized mountain range within the Cor- 
dillera Occidental that exlends 57 km in a northwesterly direction between 
lat 14"30' and 15'01'S. and long 72T>0' and 73°15'W. (hg. 2, table 1). The 
highest peak is the Nevada Huauchahm at 5,445 m asl. The glaeierized 
area is estimated from Landsat. images to be 15K knr. Drainage is to the 
southwest by Rio Ocona into the Pacific Ocean and by Rio Apurimac north- 
ward into the Atlantic Ocean. 

Cordillera Chila 

The Cordillera Chila, consisting of three mountain groups, is in the 
Cordillera Occidental between lat 15*02' and 15"26 S. and long 71"43' and 
72"37'\V. The range trends in an easterly direction for about 80 km. The gla- 
eierized area, estimated from Landsat images, is 52 km" (fig. 2, table 1). 
The highest peak is the Nevado Mismi at 5.556 ni asl. Drainage is westward 
by Rio Colca into the Pacific Ocean and northeastward by Rio Apurimac. At 
the base of Nevado tjuehuislia. the world's largest river, R(o Amazonas, has 
its origin in the Rio Apurimac. 

Cordillera Ampato 

The Cordillera Ampato consists of tliree different mountain groups, 
Nevados Ampato. Coropuna, and Solitnana, and lies in the Cordillera Occi- 
dental between lat 15°24' and 15°oTS. and long 71°51' and 73 c O0"\V. The 
range extends in an easterly direction for about 140 km (fig. 2, table 1 ) The 
glaeierized area, estimated from Landsat images, is 105 km". The area lies 
entirely witliin the Pacific Ocean drainage and is drained by Rio de Majes 
and Rio Sihuas. The highest peak is the Nevado Coropuna at 6,426 m asl. 

Cordillera Volcdntca 

The Cordillera Volcdntca exlends in a northwesterly direction parallel 
to the Pacific coast for about 50 km between tal 16°07' and IGTWS. and 
long 7F12' and 71"33AV. (fig. 2, table 1). Small groups of ice- covered peaks 
have a glaeierized area of 15 km 1 ", as estimated from Landsat images. The 
cordillera drains into the Pacific Ocean through Rio Tambo and Rio V'itor. 
The highest peak is Nevado Chachani at 6,100 m asl, but the most spectac- 
ular peak is Volcan Misti that towers over the city of Arcquipa. 

Cordillera del Barroao 

The Cordillera del Barroso. volcanic in origin, is in the Cordillera Occi- 
dental between lat lfi'51 1 and 17'37'S. and long 69 "45' and 70"30'W. It 
trends northwesterly for about 1 10 km. The total area covered by glaciers is 
estimated from Landsat images to be 20 knr (fig. 2, table 1). Drainage is 
westward to the Pacific Ocean by Rio Caplina, Rfo Sama, Rio Locumha, and 
Rio de llo and northeastward by Rfo Huenquc into the Logo Tith aca basin 
Volcan Tutnpaca is the highest peak at 5,741 m asl. Figure 7. a Landsat 
image, clearly shows the glaciers and volcanic landforms of the Cordillera 
del Rarroso area. 
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Figure 7— Section of an annotated Landsat image of the Cordillera del Bar- 
roso area. Both the glacier ized area and the volcanic landforms are evident. 
Volcan Tutupaca is the highest peak in the region (5,741 m). Landsat 2 MSS 
image (2151-13581, band 7; 22 June 1975; Path 1, Row 72) from EROS Data 
Center, Sioux Falls, S. Dak. 

Cordillera Central 

Cordillera Huaytapallana 

The Cordillera Huaytapallana, a glacierized range in the Cordillera Cen- 
tral, lies between lat 11"47' and ll a S6 l S, and long 75D0' and 76"05'W. It is 
17 km long and trends in a northwesterly direction (fig. 2, table 1 ). The gla- 
cierized area, estimated from Landsat images, covers .'?"> km". Drainage is 
into the Atlantic Ocean by the Rio Mantaro. The highest peak is the Hevado 
Lasunlay at 5,720 m asl. 
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Cordillera de VUcabamba 

The Cordillera de VUcabamba is a mountain range in the Cordillera Cen- 
tral between lat 13"10' and 1.T27S, and long 72"30' and 7.T]5'\V. (fig. 2, 
table 1 ). It extends in an easterly direction for about 85 km The glacierized 
area is estimated from Lindsat images to be 173 km". Drainage is to the 
Atlantic Ocean by Wo Apurimac and Wo Urubamba. The highest peak is the 
Nevado Salccantay at 6.271 m asl. 

Cordillera La Raya 

The Cordillera La Raya is a mountain range situated northwest of the 
Peruvian altiplano between lat 15'10' and 15"26'S. and long 70"36' and 
71°14'\V, It extends about 60 km in an easterly direction, and the glacierized 
area is estimated from Landsat images to be 88 knr (fig. 2, table 1). Drain- 
age is into the Atlantic Ocean, the Pacific Ocean, and the Lago Titicaca 
basin. Chincfnna, the highest peak, is 5,489 m asl. 

Cordillera Oriental 

Cordillera Huagaruncho 

The Cordillera Huagantncho, a 10-km long, east -trending range, lies 
between lat 10"! 4' and l<n9'S. and long 75"57' and 76 f 1»'W. (lig. 2, 
table 1). The glacierized area, estimated from Lindsat images, is 48 km". It 
is drained by Rio Huallaga into the Atlantic Ocean. The highest elevation is 
5,879 m asl on S'e>ado Huagaruncho. 

Cordillera Urubamba 

The Cordillera Crubamba, a glacierized mountain range within the east- 
ern cordillera. is between lat 13"08' and 13°17'S. and long 71"58' and 
72"16'W. It trends in a northwesterly direction for about 30 km (fig. 2. 
table 1). The glacierized area is estimated from Landsat images to be 23 
km 2 . It drains to the Atlantic Ocean by Rio Vilcanota and Rio Ya no tile. The 
highest peak is Nemdo Veronica at 5,750 m asl. 

Cordillera de Vilcanota 

The Cordillera de Vilcanota has t he second largest concentration of gla- 
ciers in Peru; it extends in a northerly direction for about 80 km arid then in 
a westerly direction for about 40 km between lat 13"39' and 14°29'S. and 
long 70"3 1' and 7 1 °20'W. (fig. 2, table 1 ) . The glacierized area is 530 km", as 
estimated from Landsat images. Drainage is eastward to the Atlantic Ocean 
by Rio Vilcanota, Rio Paucartambo, Rio Inambari, and Rio Madre de Dios. 
The highest mountain is Nevado Auzangate at 6.384 m asl. Hollin and 
Schilling (1981, p. 191), referring to the work of Mercer and Palacios 
(1977), note that "on the north side of [Nevado] Auzangale (6,400 m) in the 
Upismayo Valley, the present glacier front is at about 4,600 m, while the 
late Wisconsin-Weichselian limit (sometime between 29,000 and 14,000 
B P) was at about 4,200 nt and the lowest Pleistocene limit at 3,650 m." 

The Quelrcaya ice cap (Zamora and Ames, 1977) is the largest single 
glacier in Peru (figs. 8 and 9). As previously mentioned, the Ohio State Uni- 
versity's Institute of Polar Studies, in cooperation with the Government of 
Peru, carried out extensive paleoclimatic investigations from 1974 to 1984 
of this low-latitude ice cap In 1983, the project drilled two ice cores mea- 
suring 164 m and 154 m in length that contained a climatic record Tor the 
past 1 ,500 years. Kigure 8 is a Landsat image of the Cordillera de Vilcanota 
area. Additional information about the Qzielccaya ice cap is provided in 
the following separate section 
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Quelccaya Ice Cap 

By Stefan L Hastenrath 

The Quelccaya ice cap is situated in the Cordillera de Vilcanota in the 
eastern branch (Cordillera Oriental) of the Peruvian Andes. It is near the 
dropoff to the wet Amazon basin and is among the few large ice plateaus in 
the tropics (figs. 8, 9). It has an area of 54 km" and reaches a summit eleva- 
tion around 5,650 m. Its rim is mostly formed by steep ice cliffs; it feeds 
only a few outlet glaciers, the largest of which descends to about 5,000 m 
on tiie western side of the ice cap. 

The Quelccaya ice cap was the object of a mulliyear field project aimed 
at the reconstruction of an estimated 1,500-year-long climatic record based 
on isotope anil nucroparticle analysis of ice cores. Observations of the mod- 
ern meteorological conditions and measurements related to the mass and 
heat budgets were also important components of the project. For additional 
details, refer to the work of Mercer and others (1975); Thompson and 
Dansgaard (1975); Hastenrath (1978); Thompson, Hastenrath, and Morales 
Arnao (1979); Thompson, Bolzan, and others (1982); Thompson, Mosley- 
Thompson, Grootes, and others (1984); Thompson. Mosley-Thompson, and 
Morales Arnao (1984); Thompson, Mosley-Thompson, Bolzan, and Koci 
(1985); Thompson, Mosley-Thompson, Dansgaard, and Grootes (1986); 
Thompson, Davis, and others (1988); Thompson (1980, 1988); Lyons and 
Others (1985); Thompson and Mosley-Thompson (1987, 1989); and 
Grootes and others (1989). 



Figure 8. -Section of an annotated Land- 
sat image of the Cordillera de Vilcanota. 
Quelccaya ice cap, the largest single gla- 
cier in Peru, is in this cordillera. Compari- 
son of this image with figure 9 shows that 
the margin and structure of this ice cap are 
well represented here. Landsat 2 MSS 
image (2225-14074, band 5; 4 September 
1975; Path 3. Row 70) from EROS Data 
Center, Sioux Falls, S. Dak. 
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Figure 9. — Quelccaya ice cap (green) irsrars 
in the Cordillera de Vilcanota show- 
ing the margin of the ice cap and 
elevation contours in meters. Map 
modified from Thompson f 1980). 
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The best map available of the Quelccaya ice cap, published in 1976, is 
at a scale of 1:25,000 and is based on 19(52-63 aerial photography. It covers 
most of the ice cap except the highest parts (see table 5). Topographic con- 
tours on the summit plateau were completed in August 1976 and were 
based on traverses made with aneroid altimeters and a theodolite, In addi- 
tion, an aerial photographic mosaic, based on the same aerial survey, was 
published in 196(5 at a scale of 1 :50,000 (table 6). 

The Quelccai/a ice cap and environs are clearly depicted on Landsat 
imagery (tig. 8). Comparison of the Landsal image and the map (fig. 9) 
shows that the margin and structure of this large ice body are remarkably 
well represented on the satellite image. 



Cordillera de Carabaya 

The Cordillera de Carabaya is in the Cordillera Oriental between lat 
14"()0' and 14"22'S. and long 69"38' and 70'TJ'W. It extends 75 km in a 
northwesterly direction (fig. 2, table \). The glacierized area is estimated 
from Landsat images to extend for more than 100 km 2 . Drainage is into the 
Tlticaca hasin to the south and into the Atlantic Ocean to the east by the 
Rio Inambari. The highest peak is Nevada AUincafxic at 5,780 m asl. 

Cordillera Apolobamba 

The Cordillera Apolobamba is at the northwestern end of the Bolivian 
Cordillera Real. In Peru, it extends about -35 km east between lat 14*35' and 
14°45'S. and long 69"14' and 69°34'W. (fig, 2, table 1). The glacierized area, 
estimated from Landsat images, covers 102 km 2 . The highest peak, A'r< ado 
Aminea, is at 5,852 m asl, The drainage is both south into the Titicaca basin 
and north into the Atlantic Ocean by Rfo Inambari. Figure 10 shows this 
area on a Landsat image. 
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Glacier Mass Balance 



In Peril, mass-balance measurements were begun in the Cordillera 
Blanca in 1966 by this author on the PucahirCQ Glacier. Following that, 
mass-balance measurements were made between 1977 and 1983 by the gla- 
ciologv department of Electropeni on three glaciers chosen for easy access- 
the I rnashraju, Yanamare-y, and Santa Rosa (Dolores and others. 1980). 
Measurements for the years 1977-78. 1978-79, 1979-80, and 198(1-81 are 
given in table 9. The measurements were made mainly in the ablation areas 
and only a few scattered measurements were made in the accumulation 
areas. 

The mass-balance fluctuations were not random; during the (\ years of 
measurements, they show a similar pattern on all three glaciers (Morales 
Anvao, B., 1969a; Ames. 198")) Most of the measurements show negative 
mass balance, but the most dramatic ablation took place in 1979-8(1 and 



Figure 10. —Section of an annotated Land- 
sat image of the Cordillera Apolobamba 
area. The glacierited area, estimated from 
Landsat images, is 102 km 2 . The cordillera 
continues into Bolivia as the Cordillera 
Real. Landsat 2 MSS image 12187-13565, 
band 7; 28 July 1975; Path 1, Row 70) from 
EROS Data Center, Sioux Falls, S. Dak. 
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1982-83. The accumulation values are estimated from precipitation 
recorded by rain gages at meteorological stations and from estimates of net 
annual accumulation determined on Nevado Huascar&n by Thompson, Mos- 
ley-Thompson, Grootes, and others (1984). The rate of 0.91 m accumula- 
tion calculated by Thompson, Mosley-Thompson, Grootes, and others 
(1984) from an ice core at 5,990 m on Huascaran corresponds to a total 
accumulation of 1 255x1 0 6 m' 1 a -1 over the 1.30 knr surface area of the 
Yanamarey Glacier and a water-equivalent loss of 1 .62 m. 

The length of Yanamarey Glacier decreased from 1.6 km in 1948 to 1.25 
km in 1988; the loss of ice volume was 4x10** in 1 during tltal period. The vol- 
ume remaining in 1988 was 25x10* m' 1 (Hastenrath and Ames, 1995). 

If the regimen of negative mass balance continues, the Yunamamy Gla- 
cier will establish a new equilibrium profile. If the glacier terminus recedes 
to 4,875 m, the surface area will decrease by a factor of two. The present 
reduction in glacier size is causing a marked increase in stream discliarge in 
the area (Ames, 1985). The contribution of glacier meltwater to streams in 
the river basins lias been very important (Fliri, 1980). It is probable tliat the 
importance of the glacier meltwater will diminish as the glacier decreases in 
size, as was observed in the French and Swiss Alps from 1940 to 1950. 
Unfortunately, the estimates of glacier mass balance in the above glaciers 
are based on limited data. More accurate results would have been possible 
if the observations had been made over a longer period of time and if more 
measurement locations had been available, particularly in the accumulation 
area. Monitoring of the discharge of Rio Quervcurha also would have given 
a better idea of the contribution of the Yanamarey Glacier to the hydrol- 
ogy of the watershed. 

The 6 years of mass-balance measurements liave shown strong homoge- 
neity in the variation in mass balance of the three glaciers. The glaciers 
seem to have had a similar response to the same average climatic condi- 
tions, as well as the same interannual variations. It is the first time that 
South America has had this kind of data, although this kind of regional 
response lias been found in more temperate latitudes, such as in Scandina- 
via, the Alps, the Ural Mountains, Tien Slum, and the Caucasus Mountains. 

If more intensive monitoring confirms that the glaciers in each water- 
shed respond similarly, it will be possible to study more easily new glaciers 
or groups of glaciers in a watershed by making a few key measurements of 
ablation, accumulation, and stream discharge and then by comparing them 
with one well-studied glacier in the area, as in the teclmique used on Yan- 
amarey Glacier 



Glacier Hazards 

Since 1702, more than 22 catastrophic events have resulted from ice 
avalanches that have caused outburst floods from glacier lakes The Hoods, 
known in Peni as aluvi6nes, come with little or no warning and are com- 
posed of liquid mud that generally transports large rock boulders and 
blocks of ice. The floods have destroyed a number of towns, and many lives 
have been lost (table 4). One of the hardest hit areas has been the Rio 
Santa valley in northern Pert! (fig. 11). Of these catastrophes, the most 
serious were the aluviones that destroyed part of the city of Huaraz in 1725 
and 1941 , as well as the aluviOn that resulted from the failure of Logo Jau- 
camrtih in 1950. In addition, two destructive, high-speed avalanches from 
the summit area of Huascaran Norte (6,655 m asl) in 1962 and 1970 
destroyed several villages and caused the deaths of more than 25,000 
inhabitants. Reports of these catastrophic glacier-related e% r ents include 
those by Morales Arnao, B., (1966. 1971), Chiglino (1950, 1971), Lliboutry 
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Figure 11. — The locations of 
the many natural disas- 
ters, glaciological in origin, 
that have caused deaths or 
property damage in the Rio 
Santa valley of Peru since 
1702. See table 4 for addi- 
tional information. 
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(1975), Plafker and Ericksen (1978), and Hofmann and others (198.3). Fig- 
ures 0 and 12 give some idea of the effect of the Huascaran avalanches. Fig- 
ure 13 shows the 1951 flood from Lago Artesnncorha into Latjo Paron. 

These catastrophes influent red the Government of Pcni to establish an 
Oficina de Obras Seguridad (Security Works Office) to prevent or mitigate 
avalanches and floods from glacial lakes. Several glacial lakes have been 
drained by using two traditional methods, the first by excavating a channel 
through the morainic dam and the second by building tunnels through the 
moraine. Where the first method is employed, a channel through the top of 
the moraine is gradually and carefully excavated so that the water behind 
the dam is allowed to drain safely through the channel and into the stream 
below. When the water is drained to the desired level, a permanent con- 
crete drainage pipe is constructed within the moraine. Next, the moraine is 
rebuilt to its original level by using compacted earth, which is covered in 
turn by rock and concrete. The permanent outlet provides drainage and a 
normally low water level, whereas the dam provides protection in case of 

Table 4. — Natural disasters in Peni that were gtaeiological in origin (see fig. 11) 



No 



Cordillera 



Ana 



Yunsay 



5 Blanca. 



6 UUnca 

7 Huayhuash Bolognesi . 

8 Blanca Carhuaz... 



9 Blanca.. 



.... Pallasca . . 

to Huayhuash Bolognesi . 

11 Blanca Huaraz 

12 



M 



15 Blanca 

16 Blanca 

17 



20 Blanca Huaraz.. 

21 Rlanca Yungay.. 

22 Blanca Yungay 



Dwrtpuuii 

Floods destroyed part of the city of Huaraz. 

Earthquake Ice avalanche, and floods damaged the city < 
1.500 people were reported missing; only 300 people were left alive. 

Avalanche from Nevados Huandoy. Floods destroyed the town of Anrash, and 1,500 
people were reported to have perished. At die same time, on earthquake also took 
place 

Slides and floods arret ted the village of Monterrey, destroying house* and fields; 1 1 



Date 
4 March 1702 
6 January 1725 

1725 



10 February 1860 



Flood in the town of .MarosAra Many people were reported to have died Rajucolla 24 June 188.1 
levee was broken. 

Ice avalanche from Huascaran imparted Shacsha and Ranrahirca. 22 January 1W 17 

Aluvion from Ijago Sollemcodia in the Padldn basin. 14 March 1002 

Aluvion from Ijago Arlrza (.Paiiitixheocha) Into the Qucbnia'a Vltn (Hiu Ruin) near 20 January 1H38 
CarhuaztKinzL 1«40>. 

Aluvion from Ijigo Magixtml affected the town of Conchucos. 1038 

Aluvion from ljnga Surnieorkn impacted Rio Palivilca causing damage to agricultural 20 April ISM 1 
Belds and town of Sarapo. 

Aluvion from Lago Palcarxx ha damaged the city of Huaraz. Approximately 5,000 13 December 1»1 1 

people died. The new part of the city was destroyed 

Aluvion from Lagos Ayhiiinaraju and CarhHacorno caused by an ice avalanche from 17 January 1045 
the Huantsan neat damaged the town of Chat-in. Many people died. 

Aluvion from Lago Jnncarurixh above the L/ix Cntrvs drainage basin. Destruction of 20 October 1950 
the Central Hidroelectrica del Canon del Palo, the highway, and part of the railway 
from Chlmbote to Hualtanra, 

Aluvion from Lago Artesoncocha into Lago Paron (two events) 



Alu 



I Iaioo MiUunntrhttH into the Qucbnitln Ishtttcti 



Slides and (loot) from /xron Tullpamju afTec-ted Huaraz city. 

Avalanches and aluviones from Huascaran Snrtc. About 4,000 people died, » towns 
wen- destroyed, one of which was Ranrahirca (Dollfus and Penahcrrera <lel Agulla, 
11*2; Morales Amao, 1062). 

Ice avalanche from SevntUt San Juan above Ijagn Tumarina | 
rha. Ilualilar District ); III people died in Ota fin, 

Rock and ice avalanche from Huascaran Snrtc severely affected the city of Yungay. 
Approximately 2:1.000 people died. The same day another avalanche took place 
between Lnguna* Ltanganiico 

Small avalanche from Vtctlaraju near Paltay into Ijigo Miltuacccha. 

Small ice avalanche from Hua-tcaran Sort? reached the Ranrahirca fan. 

Small l<-e avalanche fnmi Hunxrnnin Snrtr reached the Rio Satila- 



16Juneand28 
October 1951 

6 November 1052 

8 December H»5t> 

r 1U62 



in i 

:il May 1!)70 

31 August 1982 
10 Decemlwr li«7 
20.lamiary I1M>< 
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Figure 12.— Sketch map and profile of the 
area affected by the 1962 and 1970 alu- 
viones from Huascaran Norte in the Cor- 
dillera Blanca (modified from Plafker and 
Ericksen. 1978). See also figure 6. 



Figure 13.— Flood from Lago Artesonco- 
cha (1951) into Lago Paron in the Cordil- 
lera Blanca near Caraz. 
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Figure 14. — Construction of a drainage 
outlet for Lago Hualcacocha above Car- 
huaz to prevent catastrophic outburst 
floods. A, First, a channel is carefully exca- 
vated through the morainic dam, and a 
permanent concrete drainage pipe is con- 
structed within the moraine. B, Second, a 
channel is built to drain the water safely to 
the stream below. C, Third, the moraine is 
rebuilt to its original level by using com- 
pacted earth, and this is covered by rock 
and concrete. The permanent outlet pro- 
vides drainage, and the dam provides pro- 
tection in case of ice avalanches or 
morainic rock slides. 



avalanches and floods. The second method digs or drills tunnels through 
the morainic dams or surrounding rock; the tunnels are left open to prevent 
liie glacier lakes from forming in the future. In both methods, great care 
must be taken to prevent uncontrolled drainage of the lake because of the 
possibility of catastrophic flooding. Construction is difficult because most 
sites are situated at elevations of 4,000 m or higher. 

The first met hod was usetl successfully on Lago Ltaca and Lago Shallap 
above Huaraz and on Lago Hualcacocha above Carhuaz (figs. 3, 14). The 
second method was used on the moraines of Lago TiiUparaju above Hua- 
raz and Lago Safuna, northwest of Nit 'ados Pucahirca, and in the drilling 
of the Paron Tunnel above Caraz through granitic rock 50 m below the 
water surface, as well as the tunnels on 513 lakes above Carhuaz (fig. 3). 

After more than 30 years of continuous work, the program appears to 
be successful because no destructive floods resulting from the breakout of 
glacial lakes have occurred in the Cordillera Blanca since 1972. 
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Glacier Surveying and Mapping 



In Peni, detailed field studies and surveys have lieen carried out at vari- 
ous times in response to the occurrence of hazards associated with glaciers 
and glacier lakes. Between 1932 and 1940, Austro-Gennan expeditions car- 
ried out excellent surveys and produced maps by using terrestrial pholo- 
grammetry of the Cordilleras Blanca and Huayhuash at scales of 1 :200,000, 
1:100,000, 1:50,000, and 1:25,000 (table 5). 

Subsequent to this European effort and because of the catastrophic gla- 
cier flood in 1941, the Peruvian government, Ihrough a special legislative 
act, began the first inventory of glacier lakes and glaciers, which was based 
on the interpretation of aerial photographs. In 1967, the Corporaci6n Peru- 
ana del Santa contracted sj>eeifieally to have maps made of the entire Cor- 
dillera Blanca at a scale of 1:25,000 by using aerial phologrammetry 
(Corporaeion Peruana del Santa. 1967 1995). In 1970, because of an earthquake 



TABLE H.Selrctcd maps of the glacierised arms ofPrni 



Olarierteed ari-u 


\ariw uf nuq> 


Sralr 


tkali' 


Puhusher or author 




Di-partarowMo de Ancaxh 


1:200,1X10 


I97fi 


Instltuto GeoRraflio Militar, Uma 




v-tn^iiK* 1 ic»— 1» 

Carhuas 19-h 
lluari 1!M 
lluarax 20-h 
Kecuay 20-i 
Cruqulai)2l-I 
Yanahuanca21-j 


1:100,000 


1971-76 


Instituto Geograflco Militar, Lima 


Cordillera Blanca 


Cordillera Blanca (southern pan 1 


1:100,000 


1040 


Map accompanies Kinzl ( 1040) 




CordUlcra Blanca (from la« 8"40S. to 
fTMOS.) 


1:100.000 


pre-1955 


Klein and Volbert, Munich (publisher) 




CordUlera Blanca (southern part) 


1:100.000 


1964 
1072 


Kinzl (author) 
Kinzl (author) 




, , , Cordillera Blanca 

(sketch map, 4 sheets) 


1:100.000 


1977 


Alpine Club of Canada and American Alpine 
Club in Vuraq Janka by John F. Rk-ker 


Cordillera Blanca 


Proyecto 


l:2- r .,0O0 


ISW8 


Servicio AprofotograAco Nacional 


Cordillera Huayhuash .... 


Cordillera de Hunyhtush 


1:50,000 


IU39 

1942 
l!>54 


Ueutscher AJ|>envcrciti (act iMiipank-s Kiiul. 
Schneider, and Ebster, 1942) 

Kinzl-Srhnckk-r (authors) 

Kinzl-Schneider (authors | 


t on1ill<?ni Ruiifn 


Cordillera Raura 

(sketch map) 


1:133.333 


1974 


American Alpine Club. American Alpine Jour- 
nal, v. 19. no. 48. p. 107 


CtnxMIcm ( mlrnl 


eroycct»0221-A-l9O 


1:10,000 
1:50,000 


1957 
l!HH 


Servicio Aerufologralicu Nacional 

Dirercion General de Ferrocarriles and Minis- 
terio de Fomento y Obras Piihlicas 




Sicuani, hoja l-tj (Carta Nacional) 
N.ifU>» 


1:200.000 
1:200.000 


1973 
IW73 


Instituto Gengranco Militar. Lima 




Nufioa. hoja 28u-IIl-SE 


1:25.000 


197C 


Ministerio de Agricultura. Oficina de Calastro 
Rural 



172 SATELLITE IMAGE ATLAS OF GLACIERS OK THE WORLD 

Digitized by Google 



aiKl avalanche from the summit of Huascaran, the National Aeronautics and 
Space Administration carried out an aerial reconnaissance of part of the 
Cordillera Blanca that produced false-color infrared aerial photographs 

In 1972, Dr. Walter Welsch of Munich, Germany, using photogrammetric 
methods, compiled a map of Huascaran and the avalanche zone at scales 
or 1:25,000 and 1:15,000 (Welsch and Kinzl, 1970). In other parts of the 
country, the Instituto Geografico Militar has compiled maps at scales of 
1:100.000 and 1:250.(8)0 by the use of aerial photographs. Between 1970 
and 1974, photogrammetric maps of most of Peru were prepared at a scale 
of 1 :25.0QO as part of t he lieforma Agraria programs. 

The climatic conditions of the Cordillera Oriental, which include fre- 
quently cloudy weather, make it difficult to conduct aerial surveys and to 
acquire the vertical aerial photography needed to prepare maps. In order to 
avoid delays and the other problems caused by the cloudy conditions, the 
Government of Peru carried out an aerial survey between 1974 and 1977 
that used side-looking airborne radar (SIJVK) of the entire Cordillera Orien- 
tal of Pent from Ecuador in the north to Bolivia in the south The SI.AK sur- 
vey also included parts of the Cordillera Central and Cordillera Occidental. 

The information from the glacier and glacier lake inventory conducted 
by Klectroperu has been plotted on the 1 :25,0O0-scalc photogrammetric 
maps produced for Reforma Agraria. The best examples of large-scale maps 
of glaciers of Pent are the 1 :5,000-scale topographic maps prepared by 
Elcctropeni of five different types of glaciers in the Cordillera Blanca and 
Cordillera Kaura In addition, Cesar Morales Arnao and Grocio Rscudero 
constructed an 11-m model of the Cordillera Blanca at the scales of 
1 : 25.000 and 1:12,500. Other regions of Peni have few large-scale maps that 
are useful for studies of glaciers. For example, no accurate maps exist for 
the Cordillera Vilcabamba and Cordillera Crubamba in the sout hern part of 
the country. Tables 5 and G list a selected group of maps and aerial photo- 
graphs of the glacierized areas of Peni. A good listing of early sketch maps 
of glacierized areas of Peni is found in Mercer (19t>7) 

Landsat Imagery 

Good quality, cloud-free Lwdsat imagery is available for many of t he gla- 
cierized arc:is of Peni (table I and fig. 15). However, the use of satellite 
imagery is somewhat limited for studying small mountain-type glaciers or 
iireas that are obscured by shadows in high-relief regions. Where available, 
satellite imagery acquired during dry periods at the end of the melt season 
is particularly useful because it shows glacier margins that are not masked 
by snowpack. 

Lindsat images have been used to make a general inventory of the gla- 
ciers of Peru on which this report is based. Photographic prints at a scale of 
1:1.000,000 or enlarged to a st ale of 1:250,000 were used to estimate the 
glacier area and w-ere especially useful for several cordilleras tliat are not 
covered by aerial photography (table V}. Newer satellite systems that have 
increased resolution will provide even more accurate information in the 
future 
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TABLE 6. — .Selected aerial photographs of the glacwriied ureas of Pent 
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TABLE 7. — Optimum Landsat I, 2, and 3 images of the glaciers of Peru 
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Southern Cordillera Blanca 



•I 'SGS-GSI* is the U S Geological Survey -Glacier Studies 1'rujccl. 
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EXPLANATION OF SYMBOLS 0 100 200 300 W O KILOMETERS 

and cartographic applications. Symbols defined as follows: 
4> Excellent image (0 to s5 percent cloud cover) 

9 Good image l>5 to slO percent cloud cover) 

d Fair to poor image I>10 to 1100 percent cloud coverl 

O Nominel scene center for a Lsndsst 
image outside the area of glaciers 

Usable lendsat 3 return beam vidicon 
[RBVI scenes. A. B. C. and D relet to 

Figura IS. - Optimum Landsat 1, 2. and 3 images of the glaciers of Peru. 
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Bolivia has a total glacier-covered area of more than 560 square kilometers. A 
few crater glaciers, small summit ice caps, and outlet glaciers (about 10 square 
kilometers) are located on the extinct volcanoes of the Cordillera Occidental of 
northern Bolivia. Most of the ice (more than 550 square kilometers) is found as 
ice caps, valley glaciers, and mountain glaciers on the highest peaks of the 
Cordilleras Apolobamha, Real, and Ties Cruces and Nevada Santa Vera Cruz 
of the Cordillera Oriental 
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Abstract 



Present-day glaciers of Bolivia are restricted to the highest peaks of the Andes Mountains. 
Jn the Cordillera Occidental, the glaciers are found as crater glaciers, small summit ice caps, 
and outlet glaciers on the extinct volcanoes in the northern part of the country Their total 
surface area is about 10 square kilometers. Most of the glaciers are located In the Cordillera 
Oriental in the Cordilleras Apolobamba. Real, and Tn-s Crutvx and in Nevado Santa Vera 
Cruar as ice caps, valley glaciers, and mountain glaciers. Their surface area covers more than 
550 square kilometers, because of the limited precipitation, no glaciers exist in southern 



During the Pleistocene, glacierization was much more extensive. Presently glacierized 
areas were larger, and glaciers were also found in areas that no longer support permanent 
ice. In the Cordillera Occidental, terminal moraines have been found below the -1. 500-meter 
elevation, and in the Cordillera Oriental, at slightly above 3,000 meters. In between, in the 
Altiplano. truces of glaciation rise 100-200 meters higher from the center to the margin of 
that area 

The location, distribution, and mass-balance of Bolivian glaciers are the result of the cli- 
mate and the orientation and elevation of its mountain ranges. In contrast to extratmplcal 
glaciers, accumulation takes place during the summer, and ablation takes place during the 
winter and interseasonal periods. The daily cloud-cover cycle, which leaves the glaciers 
exposed to morning solar radiation from the north and east and protects the western slopes 
in the afternoon, results in a substantially lower snowline on the western and southern slopes 
< 100 to tfUO meters lower). 

The glaciers of Bolivia are covered by maps, aerial photographs, and satellite Images of 
varying degrees of usefulness. Accurate maps at 1:50.000 scale cover the Cordillera ReaL Ver- 
tical aerial photographs having scales between 1:130,000 and 1:80,000 cover all the glacierized 
areas of Bolivia and range in quality from good to satisfactory Satellite images with resolu- 
tions ranging from •'» to 75* meters are also available, and although they may be limited by res- 
olution, cloudiness, shadowing, or spectral discrimination, they offer a useful tool for 



Occurrence and Distribution of Glaciers in 
Bolivia 



Because Bolivia lies completely within the tropics, glaciers can be found 
only at the highest elevations (Francon, 1993). Hence, glaciers are 
restricted to the highest mountain peaks in t he Andean region of Bolivia. 

Annual precipitation within Bolivia is variable, decreasing to less than 
200 mm a - ' in the southwest. As a consequence, even the highest peaks of 
the Andes Mountains at fi.OOO m and above cannot sustain glaciers south of 
lat \H".W S. and have only temporary snow patches (see table 1 and fig. 1 ). 
No glaciers exist anywhere in southern Bolivia The southern limit of gla- 
ciers in Bolivia Ls roughly equivalent to t he northern line of t he large salars, 
such as Salar de Ooipasa and Salar de Ifyuni, in the central plateau (Altipl- 
ano) of the Andes. 

MaiiuM-niil *|>t»i>viil for publicaUim 1H March I99R. 
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Figure 1.—Glacierized areas of Bolivia showing location of glaciers and dis- 
tribution and amount of precipitation. It is evident that the southwestern part 
of the country does not receive enough precipitation to maintain glaciers on 
even the highest peaks. The location of present glaciers is shown with a tint. 
Information about the area, number, and elevation of the glaciers in each 
glacierized region is given in table 1. 
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TABLE 1.— Glaciers of the Bolivian Andes on 1 November 1984 
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Glaciers in Bolivia are found in two main ranges of the Andes, the Cordil- 
lera Occidental along the western border with Chile and the Cordilleras 
Apolobamba, Real, and TVrs Cntres and Nevado Santa Vera Cruz, which 
are the southern extension of the Cordillera Oriental in Peni. Between the 
Cordillera Apolohamna and Cordillera Real lies the Cordillera de Munecaus, 
which has two very small glacierized areas containing 16 small glaciers that 
have a total area of 0.1 km - (table 1). The approximately 200-km-wide Alli- 
plano between these two main ranges is no longer glacierized because it 
does not. have suflicient elevation and (or) precipitation. 

The type and areal extent of glaciers in the Cordillera Occidental and in 
the Cordilleras Apolobamba, Real, and Trrs Crurrs and Nevado Santa Vera 
Cruz are very diverse The Cordillera Occidental consists exclusively of 
extinct volcanoes, and glaciers are limited to Nevado Sajatna (6,542 m) and 
its neighboring volcanoes (fig. 2). In addition to crater glaciers, small summit 
ice caps commonly occur that have several outlet glaciers that terminate 
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downslope (fig, 3). Their extent and total surface area are very small and 
scarcely amount to 10 km" in Bolivia and northern (tropical) Chile. However, 
these are the glaciers that have the highest minimum elevation on Earth 
(table 1), except for the small icefield of the Chilean- Argentine stratovol- 
cano CerroA'olcan Uullaillaco (6,739 m) (Messerli and others, 1992, p. 262). 

Substantially more significant, on the other hand, is the glacicrization of 
the Cordilleras Apolobamba (figs. 4 and 5), Real (fig. 6), and Tres Cmces 
(fig. 7) and of Nevado Santa Vera Cruz (fig. 7) in the Cordillera Oriental. 
From a geological viewpoint, these cordilleras are strongly elevaled intru- 
sions whose slaty covers have been exposed by erosion and covered by 



Figure 2.— Cordillera Occidental of Bolivia 
and Chile. A, Annotated Landsat 1 MSS 
image showing area from Nevado Con- 
doriri to Salar de Coipasa. The scene 
includes the glacierized areas of Nevados 
Pavachata and Sajama, as well as Cerros 
Quimsachata and several volcanoes on the 
Bolivian Altiplano. Landsat 1 MSS image 
(1100-14043; band 7; 31 October 1972; Path 
251, Row 73) from the EROS Data Center, 
Sioux Falls, S. Dak. B, C, See facing page. 
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Figure 26.— Annotated 1 :500,000scale 
enlargement of part of the Landsat 1 
MSS satellite image shown in A. The 
snow-and-ice cover of the three glacier 
complexes in the central Cordillera 
Occidental is evident. These glaciers are 
the southernmost in Bolivia; no volca- 
noes located south of the Quimsachata 
group have an ice cap. At the time the 
image was acquired on 31 October 
1972, the transient snowline elevation 
was average. 

C, Landsat 5 TM false-color composite 
image of the Nevados Payachata and 
Sajama area acquired on 17 July 1993. 
The color composite was created by 
using bands 3, 5, and 4, and snow-and- 
ice areas appear pink. Comparison ofQ 
and C shows a much smaller amount of 
snow-and-ice cover on the later image, 
although shadows conceal part of the 
glacierized areas on the southwestern 
slopes of the volcanoes in C. 
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Figure 3. — Nevados Payachata of the Cor- 
dillera Occidental. The photograph is look- 
ing west from the foot of Nevado Sajama 
flat 18°60S"S.. long 68"S8WW.) at an ele- 
vation of 4.260 m at the end of the dry sea- 
son. The snow has largely dissipated, and 
small glacier areas appear. In the center, 
extending across the entire picture are 
white salt efflorescences. The foreground 
is marked by thickets of Ichu grass on a 
hard cushion bog (Bofedal). Photographed 
by Ekkehard Jordan on 5 September 1980. 





Figure 4.—Glacierized areas of the Cordillera Apolobamba in the Cordillera Oriental of Peril and Bolivia. 
This map is modified from a more detailed map by the author that was based on satellite images, aerial 
photographs, route drawings, and maps. Abbreviation: L, LagoAaguna. 
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Figure S.— Cordillera Apolobamba in Peril and 
Bolivia. A, Landsat 2 MSS image of the cordillera 
acquired when substantial amounts of snow cover 
were present. Contrast with figure 8. The white spots 
located east of the glaciated mountain chain are not 
snowfields. but cloudfields that, as a rule, reach the 
glacier areas by noon and protect them from direct 
solar radiation. Landsat image (2223-13561, band 7; 
2 September 1975; Path 1, Row 70) from the EROS 
Data Center, Sioux Falls, S. Dak. 
B, Landsat 5 TM false<olor composite image of the 
Cordillera Apolobamba acquired 2 1 August 199 1.The 
color composite was generated by using bands 3, 5, 
and 4 and shows the sharply denned glacierized 
areas in pink (see A for approximate location of &). 
Also, it is possible to see Pleistocene moraines 
around the "finger lakes." 
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Figure 6. — Glacier distribution in the Cordillera Real. The map, drawn by the 
author, is based on field studies, aerial photographs, and various topo- 
graphic maps. Compare with Landsat image of the Cordillera Real in figure 8. 
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Figure 7. — Glacier tied regions of the Cor- 
dillera Tres Cruces and Nevado Santa Vera 
Cruz. A, Annotated enlargement of part of 
a Landsat 2 MSS image and overlay based 
on topographic maps, field studies, aerial 
photographs, and satellite images. Land- 
sat image (2276-13505, band 7; 25 Octo- 
ber 1975; Path 251, flow 72) from the 
EROS Data Center, Sioux Falls, S. Dak. 
{Approximate scale, 1:250,000.1 Abbrevia- 
tion: L. Laguna. 

B, Landsat 5 TM false-color composite 
image of the same area, acquired 7 May 
1993. The color composite was generated 
by using bands 3, 5, and A and shows the 
glacierized areas in pink. 




GLAC IERS OP BOLIV IA 



18(1 



Digitized by Google 



glaciers. The nearly 6(H) km of glacier surface area is distributed over the 
four mountain groups of the Cordillera Oriental (fig. 8), whose characteris- 
tics are presented in table 1. Almost all types of glaciers are represent e< I. 
including ice caps, valley glaciers, and mountain glaciers; the large variety 
of glacier types shows some similarity to the classic glacierized areas of the 
European Alps (see fig. 10). The similarity of topography has been thought 
to correspond to similar glacial phenomena. In the following discussion, 
however, emphasis will be placed on relating glacier type to climate. 

As is true elsewhere in the world, the mountains of Rolivia provide evi- 
dence of a substantially greater glaciation during the "Ice Age," which can 
be demonstrated on satellite images. However, because tectonic uplift of 
the Central Andes continued into the ynatcrnary Period (Troll and Pinster- 
walder, 19'I5) and the mountains reached their current elevation only in 



U ■ IN 



68 W 



H N 




M W 



Figure 8.- Annotated Landsat 2 MSS 
image mosaic of glacierized regions of the 
Cordilleras Apolobamba, Real.Tres Cruces. 
and of Nevado Santa Vera Cruz of Bolivia. 
The satellite mosaic gives an excellent 
view of the geographical arrangement of 
the glaciers of the region. The images 
showing minimum snow cover were cho- 
sen. The white areas in the northeast cor- 
ner of the mosaic are not snowfields, but 
clouds. The Landsat images, all from the 
EROS Data Center, Sioux Falls. S. Dak., 
from north to south are: 

I Landsat image 2187-13565, band 7; 28 
July 1975: Path 1. Row 70 

2. Landsat image 2168-13520, band 7; 9 
July 1975: Path 251, Row 71 

3. Landsat image 2276-13505, band 7, 25 
October 1975: Path 251, Row 72 
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Figure 9. -Part of a Landsat 2 MSS 
false-color composite image enlarged 
to 1 :500,000-scale showing traces of 
Pleistocene glaciation in the Cerro 
Potosi. The Cerro Potosi is one of the 
largest continuous areas of Pleis- 
tocene glaciation in the southeastern 
Bolivian highland, which today is not 
glacierized. The diversity of glacial 
forms can be distinguished on the 
satellite image; they extend from the 
highest pyramidal peak south of the 
mountain massif, which has an eleva- 
tion slightly above 5,000 m (Cerro 
Cunurana, 5,056 m), to below 4,000 
m, and they have even produced a 
small foreland glaciation in the south- 
west. During the glacial maximum, 
the glacierized area of this mountain 
range alone reached an extent larger 
than the total areal extent of the mod- 
em glacierization. It covered 700-800 
km 2 in the form of an ice-stream net- 
work. The eye-catching cone- or trum- 
pet-shaped, typically glacially carved 
valleys tend to diverge radially and 
show the extreme relief of immense 
side moraines in the former terminus 
region. These are adjoined, particu- 
larly from the northwest to west to 
southwest, by immense alluvial cones 
descending to below 3,000 m. 
Because of its excellent water supply, 
the alluvial material is used inten- 
sively for agricultural purposes. The 
false-color composite image shows 
this indirectly by the distinctive red 
coloration of the chlorophyll-rich veg- 
etation. The vegetation covers the 
land surface far into the dry season in 
these areas because of surface irriga- 
tion. The glacial lakes, which are 
numerous in the erosion area, as well 
as in the terminus region, of the Pleis- 
tocene glaciers, are proof of the rich 
water resources of the mountain 
range. These lakes represent natural, 
glacially supplied water reservoirs 
that have provided the mines and the 
former industrial center. Potosi, with 
drinking and municipal water. Directly 
south of Potosi the pronounced cone- 
shaped Cerro Rico (silver mountain! 
has lost its glacial shape as a result of 
undercutting by underground mining 
activity during the past centuries. This 
mountain, reaching an elevation of 
4,824 m. was previously covered by a 
considerable ice cap. The Landsat 
image (2148-13415; 19 June 1975; 
Path 249, Row 74) is from the EROS 
Data Center, Sioux Falls, S. Dak. 



the middle of the Quaternary Period, only the two latest Pleistocene glacia- 
tions are documented by glacial deposits. During the Pleistocene glaciation, 
the presently glacierized regions were significantly expanded, and a large 
number of mountain massifs and volcanoes, which no longer have glaciers, 
supported ice caps (fig. 9). This is true of the Cordillera Occidental, where 
terminal moraines extend below the 4,. r )()0-m elevation, and of the Cordille- 
ras Apolobamba, Real, and Tws Cruces and Nevado Santa Vera Cruz in the 
Cordillera Oriental, where it is possible to identify moraines below 3,500 m 
in elevation (Schulz, 1992). The author independently documented these 
moraines along the eastern escarpment up to slightly higher than 3,000 m. 
According to studies by Hastenrath (1967, 1971a, b), Nogami (1970), and 
Graf (1975, 1981) and the author's observations and analyses of aerial pho- 
tographs, evidence of the lower elevation of more extensive Pleistocene 
glaciation in the Cordillera Occidental rises 100-200 m toward the south 
and from the center to the margin of the Altiplano. In contrast to the field 
evidence in the Cordillera Occidental, conditions in the mountain ranges to 
the east of the Altiplano are more complicated; no general pattern of Pleis- 
tocene glacier distribution can be recognized (Jordan and others, 1994). 
This is because of the much greater dissected relief in this region, which is 
seen in the cross-cutting valleys of Rio Consala, Rio I*» Paz, and Rio Pilco- 
mayo, that reach the border of the Altiplano. The position of mountain 
ranges within atmospheric circulation systems and the windward-leeward 
orientation and exposure play an important role in glacier development. 
The presence of a much colder climate during the Pleistocene has been 
confirmed by ice cores from Nevado Sajama (Thompson and others, 1998). 
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Climate and Glaciers in Bolivia: The Special 
Mass-Balance Situation 

Bolivia's glaciers, situated between lat 14*17' and 18"2:l' S. on the south- 
ern edge of the tropical zone of the Southern Hemisphere, are affected by 
the change between intertropical circulation in the summer and southeast 
trade winds in the winter. During the southern summer, this generally 
means precipitation that decreases in amount and duration from north to 
south. This author believes thai the term "summer" is appropriate for the 
rainy season in Bolivia, in contrast to the central tropics of Venezuela, 
Colombia, and Ecuador, evert though Schubert (1992) gives a different 
view. Inhabitants of these countries, however, seldom refer to summer or 
winter; they speak of dry and rainy seasons. The dual climatic situation and 
the orientation and elevation of its mountain ranges are the determining 
factors in the occurrence and distribution of Bolivia's glaciers (fig. 1). 

In contrast to extrat.ropical glaciers, the fundamental difference in gla- 
cier formation lies in the fact that the tropical snow reserves must be estab- 
lished during the summer. They cannot be established during the coldest 
period of the year because during t he wint er, as a rule, little to no precipita- 
tion falls. Ahlation, on the other hand, takes place during (he interseasonal 
periods and the winter when solar radiation is intense, as well as during 
summertime dry periods. This results in a completely different kind of 
mass-balance situation over the budget year, which is further complicated 
by irregularities in the annual precipitation cycle (Jordan, 1979). During 
the summer, the maintenance of a glacier is a delicate balance between the 
accumulation of snow reserves and the ablation from radiation at an 
increased temperature. Data from mass-balance measurements give more 
exact information (Jordan, 1992; Francou and others, 1995). Ribstein and 
others (1995) discuss the results of a 2-year study of the hydrology of a 3- 
km 2 basin in the Cordillera Real that is 77 percent glacierized. In this area, 
accumulation and melt periods coincide during the rainy season, but the 
amount of melt often exceeds precipitation, which is resulting in the rapid 
recession of the glacier termini. 

Because of the year-round high position of the Sun in the tropics, north- 
south exposure differences are less apparent than I hey are outside the trop- 
ics. In the Southern Hemisphere, the effect of the Sun increases in impor- 
tance toward t he south, however, and the cycle of cloud formation during the 
day must then be taken into consideration with respect to the exposure dif- 
ferences that affect the mass balance of a glacier. Because cloud cover 
desc ends very regularly at night to a level of 3,500 to 4,000 m, the glaciers are 
fully exposed to the morning Sun even during the rainy season. The clou<li- 
ness that develops during the forenoon protects the glaciers from radiation 
during the rest of the day (see fig. 10). Because the Sun shines on the eastern 
slopes in the early morning and because the northern slopes have greater 
solar radiation in the Southern Hemisphere, the east-to-north slope expo- 
sures have comparably smaller glacierization. The snowline is lower on the 
western and southern slopes and rises substantially (100 to 300 m) on the 
eastern and northern slopes (see figs. 11-13; Jordan, 1985). The solar-radia- 
tion effect increases toward the arid regions to the south. Combined with the 
extreme dryness of the air, solar radiation produces a peculiar phenomenon 
on fun and glacier surfaces, the intensified development of snow and ic e pen 
itents (Troll, 1942). The penitents phenomenon is also very dependent on 
the slope and radiation exposure and the annual climate cycle; these factors 
produce large differences, both with respect to lime and space, in shaping 
the penitents (fig. 14). As a result of this differential surface ablation, wluch 
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Figure lO.—Nevado Huayna Potosi (6,088 m) 
in the northern Cordillera Real. The anno- 
tated terrestrial photograph shows the west 
side of the Nevado Huayna Potosi (also 
called Cacaaca) and the surrounding land- 
scape, which is similar to the European Alps. 
The slope glaciers join together into a short 
valley glacier at about 5,200 m elevation in 
the center of the photograph. The Holocene 
Epoch (labeled historical) and Pleistocene 
Epoch (late-glacial) moraines can be seen 
clearly. To their left and right are smaller 
slope and cirque glaciers. Toward noon, the 
clouds of the northeast slope (Yungas) move 
up across the pass as far as the peaks of the 
cordillera, where they protect the glaciers 
from solar radiation. Photographed by Ekke- 
hard Jordan on 15 May 1980 from the road 
between Milluni and La Union looking east 
(elevation, 4,900 m; lat 16°1742"S., long 
68°1214"W.). 
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Figure 11. —Annotated vertical aerial photograph of the southern part of Cordil- 
lera Tres Cruces. The watershed divide is shown by a dotted line. The two sections 
marked 1 and 2 show the locations of two ground photographs (figs. 12 and 13). 
The solid black lines indicate limits of coverage of each photograph. The aerial 
photograph and two ground photographs clearly illustrate the different degree of 
glacieritation on the northeast escarpment (fig. 12) in contrast to that on the 
southwest escarpment (fig. 13) of the mountain range. Aerial photograph from 
Institute Geografico Militar, La Pat, taken 29 July 1975 (scale about 1:60.000). 
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Figure 12. — Northeast-facing escarpment 
of the southern Cordillera Tres Cruces (also 
called Quimsa Cruz}. The terrestrial photo- 
graph shows the high lower limit of the 
glacier in the region of the Caracoles mine 
toward the end of the rainy season. The 
large white spots in the lower sector of the 
cirque walls are remnants of snow. In the 
foreground, Holocene Epoch moraines are 
visible. The location of the photograph is 
shown in figure 11 as number 1 between 
the solid black lines. Photographed by 
Ekkehard Jordan on 8 April 1977 from 
above Caracoles at an elevation of 4,800 
m; lat 16°5630S.. long 67°19 , 30"W. 



Figure 13.— Southwest-facing escarpment of the southern Cordillera Tres 
Cruces showing the strong extent of gtacierization of the western slope in 
the sector between Laguna Laramcota and Laguna Huallatani. The location of 
the ground telephotograph is shown in figure 11 as number 2 between the 
solid black lines. Photographed by Ekkehard Jordan on 12 May 1977 from the 
northern foot of Cerro Punaya; view to the east (elevation, 4,155 m; lat 
17°2V50"S., long 67°2430"W.). 




Figure 14. — Ice penitents on the Gla- 
ciar Laramcota, western slope of the 
Cordillera Tres Cruces. During the 
dry season, 50- to 80-cm-high ice 
penitents develop in several sectors 
of the tongue of the Glacier Laram- 
cota at an elevation of 4,900 m. Pho- 
tographed by Ekkehard Jordan on 
23 August 1980; lat 76157' 15S., long 
67°2230"W. 
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is typically a subtropical-tropical phenomenon, glaciers and snow patches 
become especially difficult to traverse toward the end of the dry season. 

A further manifestation of the distinctive daytime climate of high moun- 
tains on the southern edge of the tropics is the presence of glaciers with a 
high accumulation of debris. In addition, rock glaciers are found at eleva- 
tions of 4,800 m and above, south of the actual occurrence of glaciers (rig. 
15). Their exact classification is the subject of scientific controversy (see 
section on Rock Glaciers in this volume), and their exact area! distribut ion 
is not elaborated in this section because the author is inclined to character- 
ize them, on the basis of their typical slope, as a periglacial permafrost, phe- 
nomenon. Also, because of their modest size, they are not discernible on 
satellite images. 



Observation and Mapping of Glaciers 

First reports about glaciers in Bolivia are available from the last century 
(d'Orbigny, 1835-1847). Although no records by the native Indian population 
exist, the mountain land up to the glacier tongues has been used for many 
centuries for cattle and by vicunas, llamas, and alpacas. The lack of records 
stems primarily from the fact that the Indian population Ivad no writing sys- 
tem. Their verbal history of the glaciers and mountain peaks was based on 
myths. For the Indians, the glaciers and mountain peaks are inviolably divine. 

At the beginning of the 20th century, a wave of glacier exploration took 
place. It was a time devoted to eliminating blank places on maps of the 
Earth. This period also produced the first sketches and maps of Bolivia's 
glacierized mountains. In terms of scientific content, the research was 
directed at snowline and glacier terminus locations and glacier morphology 
and distribution. Names such as Conway (1900), Hauthal (1911), and Her- 
zog (1913, 1915) bear witness to this period of research activity. During 
this period and immediately following, a variety of mountain-climbing expe- 
ditions often included scientists. Most successful with respect to cartogra- 
phy and glacier exploration was that of the German-Austrian Alpine 
Association expedition in 1927-28 led by Carl Troll. His precise field photo- 
graphs and trianguiation measurements formed the basis for a number of 
good route drawings. He produced accurate general maps and a precise 
topographic map of t he northern Cordillera Real (Illampu area) (Troll and 
Finsterwalder, 1935) at a scale of 1:50,000, which was based on terrestrial 
photogrammetric methods. Their precision and cartographic perfection 
were never equaled by any other map of glacierized regions in Bolivia. A 



Figure IS.—Cerro Tapaquilcha (5,827 m) in 
the southern Cordillera Occidental. In the 
upper slope region of the Tapaquilcha vol- 
cano complex, it is possible to see solifluc- 
tion lobes and a light snow cover at the 
end of the rainy season, but glaciers are 
not present. The location of the annotated 
ground photograph is shown in figure 19. 
Photographed by Ekkehard Jordan on 10 
April 1960 from Ramadita Pampa south of 
the Cerro Tapaquilcha looking north (eleva- 
tion, 4,550 m; lat 21"40'03"S.. long 
67°S7W.). 
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period of relative quiet followed this high point of cartographic-glacier 
exploration and research at the end of the 1920's, but later alpine expedi- 
tious produced route drawings. (Geological studies in the high mining 
regions of the Cordillera 7>*>.s Crvces by Federico Ahlfeld resulted in a 
general map of this massif (Ahlfeld, 1946), which sketches the general dis- 
tribution of glaciers. A recent topographic map of the Illampu area has been 
made by using aerial photos taken in 1963 and 1975 (Finsterwalder, 1987). 
Because of the accuracy of Troll and Flnsterwalder's 1935 topographic map, 
it has been possible to quantify the ice loss by comparing that map with 
Finsterwalder's 1987 map. An accurate cartographic map of the southern 
Cordillera Real (lllimani area) has also l>een published at a scale of 1:50.000 
(Finsterwalder, 1990; Jordan and Finsterwalder, 1992). 

Official mapping of Bolivia was started in the 1940s with assistance from 
the U.S. Army Map Service. The work was based on vertical aenal photo- 
graphs and is being completed and updated by the Instiluto Geografieo Mil- 
itar (IGM) in La Paz. The maps have scales of 1:50,000 and 1:250,000 (fig. 
16). To date, only part of the glacierized regions in the environs of La Paz 
and the Cordillera Occidental has been covered by published maps. Unfor- 
tunately, no distinction is made between snow patches and glaciers on 
these maps. Thus, the maps show the snow cover prevailing at the time that 
the vertical aerial photograph was made and do not show the actual glacier 
distribution. Although the snow patches and glaciers on these maps are 
depicted by blue contour lines, they are nonetheless unsuitable for glacier 
studies. It is almost always necessary to analyze the vertical aerial photo- 
graphs. 

Later, a survey of the glaciers of Bolivia was conducted by Mercer 
(1967) Since 1975, the author has carried out modern glaciological and 
glacial-hydrologic studies in Bolivia by using mass-balance data and 
energy records; his studies include measurements of ice movement , pre- 
cipitation, temperature, evaporation, ablation, and glacier runoff. He has 
taken terrestrial photogrammetric photographs of reference glaciers and 
has surveyed the location of glacier termini. He also has undertaken the 
compilation of a glacier inventory for Bolivia (Jordan and others, 1980), 
For this purpose, aerotriangulations of Bolivia's glacierized regions, which 
up to now had not been recorded on official maps, were carried out from 
the northern Cordillera Real across the Cordillera Apolobamba to the 
Peruvian border. This work has been published in two volumes (text and 
maps and illustrations) and contains the maps of all glacierized areas of 
Bolivia (Jordan, 1991; Herrmann, 1993). The data are also part of the 
"World Glacier Inventory" of the United Nations Environment Pro- 
gramme/United Nations Educational, Scientific, and Cultural Organiza- 
tion/International Commission on Snow and Ice (UNEP/UNESCO/ICS1) 
|now part of the World Glacier Monitoring Service, Zurich, Switzerland]. 
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Figure 16. —Aerial photographs and topo- 
graphic maps of the glacierized regions of 
Bolivia. The photograph and map sum- 
mary shows the status of photogrammet- 
ric flights having scales from 1:30,000 to 
1:50.000, and the published topographic 
maps having scales of 1:50,000 and 
1:250.000. In order to keep the index legi- 
ble, only the photographic flights that 
record Holocene glaciers are plotted. 
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Glacier Imagery 



Aerial Photographs 

Through the development of analytical techniques using vertical aerial 
photographs and more recently using satellite images, a new era in glacier 
studies began. The use of these two technologies means that no glacicrized 
regions in Bolivia should remain unknown to us today. The analysis of satel- 
lite images provided, for t he first time, an assessment of glacier distribut ion 
in the different. Cordilleras. Although the quantitative results are not as 
accurate as those derived from precise photogrammetric measurements of 
aerial photographs (table 1), satellite imagery provides the capability for 
more accurately monitoring Bolivia's glaciers. The frequently acquired sat- 
ellite data will give more up-to-date information and permit observation of 
the substantial recession of these tropical glaciers. 

The first aerial mapping surveys using photogrammetric quality metric 
cameras were begun by the U.S. Army Air Force in 1942 and employed tri- 
metrogon aerial photography. The aerial surveys were continued until 1948. 
After World War II, aerial navigation and photographic technologies 
improved rapidly. Begiiuiing in 1952, at the Government of Bolivia's 
request, a new series of aerial surveys acquired vertical aerial photographs 
for use in various photogrammetric plotting instruments (for example, Mul- 
tiplex and Kelsh) to compile modern maps of Bolivia. It was 1975, however, 
before all glacierized regions in Bolivia were covered by vertical aerial pho- 
tographs (fig. 16). The quality of the photographs ranges from good to sat- 
isfactory, but a number of disadvantages is inherent in the available data. A 
major disadvantage is the fact that several different organizations carried 
out a variety of aerial surveys, using different cameras, lenses, and survey 
altitudes during different seasons over an extended period of years. There- 
fore, synoptic comparisons of glaciers are not possible. Because some areas 
covered by the different surveys overlap, it is sometimes passible to quan- 
tify the disappearance of glaciers during the intervals of aerial photographic 
coverage. 

The available aerial photograpliic scales for Bolivia range from 1.30,000 
to 1:80,000. On the basis of the aerial photographs, official maps of Bolivia 
arc being compiled by IGM. During the past several years, most of the sur- 
veys have been carried out by the Fucrza Aerea Boliviana (Bolivian Air 
Force). The new maps compiled under the direction of Finsterwalder 
(1987, 1990) by using modern cartographic techniques are good examples 
of maps tliat give more precise information about the location and size of 
glaciers. 

Satellite Photographs and Images 

The first significant photograph of Bolivian glaciers from space comes 
from the Gemini 9 manned space flight in early June 1966. It is an oblique 
photograph that shows I«igo Titicaca in the center; in the foreground are 
the glaciers of the Cordillera Apolobamba and t he entire Cordillera Real as 
far as Illimani, the majestic panoramic massifs around the capital city l.a 
Paz (fig. 17). 

Earlier polar-orbiting meteorological satellites, and even the more 
advanced ones operating at present, liave virtually no value for analysis of 
tropical glaciers because the spatial resolution is far too coarse. Picture ele- 
ments (pixels) are generally 1 km, so the imagery vaguely suggests the 
mountain topography and the regional snow cover when no cloud cover 
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Figure 17.— Annotated oblique satellite 
photograph taken from the Gemini 9 
spacecraft looking west at the glacierized 
Cordillera Oriental. The photograph, which 
originally was in color, shows Lago Titi- 
caca in the center, Cordillera Apolobamba 
in the right foreground, and the Cordillera 
Real to the left. In the immediate fore- 
ground, above the escarpment to the low- 
land, are some clouds. Photograph taken 
June 1966 by using a Zeiss Biogon 1:4.5/ 
38 mm Hasselblad camera. Approximate 
scale, 1:1,800,000. 



Interferes. Their only advantage lies in the frequent orbital passage that 
permits monitoring of general variations in the temporal and seasonal snow 
cover and elevation of the snowline in the glacierized regions of the tropics. 
However, with the first of the series of Earth Resources Technology Satel- 
lites (ERTS-1, later renamed Landsat 1) launched on 22 July 1972, il 
became possible to analyze images that had a pixel resolution of 79 m and 
were suitable for glacier studies on a scale suited to tropical glaciers. 
BtM ause of the 18-day repeat cycle of the Landsat 1, 2, and 3 satellites (16- 
day cycle for Landsat s 4 and 5). a large number of satellite images have 
been acquired, although most of the images either are not suited for glacio- 
logical studies or have only limited value because of persistent cloudiness. 
The images found to be useful are listed in table 2, and their locations are 
shown in figure 18. Specialized studies using advanced techniques for 
analyzing satellite images of glaciers have not been done on Ikilivian gla- 
ciers yet, but general observations of glaciological applications will be dis- 
cussed in the following section, which also includes discussion of the 
interpretation of glaciological features on Landsat images acquired in dif- 
ferent seasons using different spectral bands. Remote sensing systems that 
have higher resolution sensors, such as tandsat 4 and 5 Thematic Mapper 
(TM) (30 m), Satellite Pour I'Observation rie la Term (SPOT) (10-20 m), 
and Modular Optoelectronic Multispectral Scanner (MOMS) (up to 5 m), 
have limitations, even though the satellites allow more detailed observation 
of the small tropical glaciers. landsat data and SPOT data are quite expen- 
sive. The MOMS system has the disadvantage that it is still not an opera- 
tional system; it has only l>een tested on Space Transportation System 
(Shuttle) flights. However, SPOT and MOMS have the advantage of stereo- 
scopic interpretation capability. 
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EXPLANATION OF SYMBOLS 0 100 200 300 400 KILOMETERS 
Evaluation of image inability lor glaoologk. geologic. I ' 1 1 1 

<i ncl c n ft o rj *j p h i c o p p ' h-<j1 1 o n > . S y m tjn 1 5 cicf ■ n ^ I o a 1 5 

Q Excellent image 10 to i5 percent cloud cover) 
^ Good image (<5 to $10 percent cloud cove* I 



Q Nominal scene center for a Landaat 
Image outside the ares of glaciers 

Figure 18. - Optimum Landsat 1, 2, and 3 images of the glaciers of Bolivia. 
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Table 2— Optimum Landsal J, 2, and 3 images of {he glaciers of Bolivia 
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Capabilities and Limitations of Interpreting 
Glaciological Phenomena from Satellite Images of 
Bolivia's Semitropical Glaciers 

The following discussion is limited to the manual-optical analysis of 
l:l,0O0,0O0-scale satellite images from the Landsat series. Because of the 
scanning element (pixel) size of 79x79 m in Landsat mullispectral scanner 
(MSS) images, certain limits are set for interpretation. Yel these limits are 
not only determined by the pixel resolution but also by the discrimination 
of various materials within the spectral ranges of the images, by Lhe sea- 
sonal and climatic conditions during imaging, and finally, by the charac l er- 
istics of tropical glaciers In tlus section, the occurrence of the Bolivian 
glaciers will be examined, including a discussion of the limitations jus) men- 
tioned. The facts are essentially the same for the increased resolution of 
Landsat TM, SPOT, and MOMS images. 

Initial difficulties emerge in the general determination of glacier distribu- 
tion. Distinguishing between ice and snow and salt areas, and also cloud 
cover, is difficult , It is made easier with the proper selection of the available 
multispectral images, especially by using MSS spectral band 7. 

The glaciers of the Cordillera Occidental have a spectral reflectance that 
is similar to salt efflorescences and salars (figs. 2, and 19). As a rule, the 
latter are located in intcrmontane basins, whereas snow and glaciers cover 
the volcanic peaks. Stereoscopic observation capability, therefore, makes 
differentiation possible with absolute certainty. Since 1986, SPOT has pro- 
vided this capability, as have the 1983-S4 and 1993 MOMS lest series 
images. Landsat imagery does not have true stereoscopic quality. However, 
the azimuth and orientation of the Sun at the time of imaging give the ter- 
rain the appearance of substantial relief so that , except for some borderline 
cases, it is possible to differentiate between ice and snow and salt areas 
with fair certainty. 

On the other hand, the difficulty of spectrally separating and therefore 
delineating areas of snow, tirn. glacier ice, and glacier ice covered with 
snow and firn is much more important. I-'or example, snow cover gives the 
false impression that many of the volcanic cones of the Cordillera Occiden- 
tal and the Cordillera de Llpez are covered by glaciers (figs 2, 19, and 20). 
However, only a few volcanoes (table 1 ) are actually capped by ice: all the 
others have only a temporary firn cap, which may persist, in part, for sev- 
eral years, with an especially strong definition after the rainy season in 
March and April (see fig. 20). 

In the case of extratropical glaciers, definite accumulation and ablation 
phases exist, and in the fall, the highest snow and firn lines can be noted. In 
the tropics, these phases cannot be so clearly defined (fig. 20). Thus, a spe- 
cific lime of year cannot be selected for the optimum analysis of glacier 
areas. Therefore, analysis of satellite images of Bolivia is always accompa- 
nied by the uncertainty of having included in the peripheral areas some 
large firn and snow-covered areas— as has obviously happened with the 
'Mapa de coberlura y uso actual de la tierra Bolivia" (Brockmann, 1978). 

A further difficulty in analyzing satellite images results from the size of 
the glaciers. The total extent of the glaciers, about 000 km 2 , is substantial, 
However, the glacierized area includes many small glaciers, strongly seg- 
mented recharge areas, fragmented glaciers, and stwp cliff glaciers and 
glacier tongues. As a rule, these small glacier areas are generally less than 
1 km" in size. Because of the liiiutalion of the resolution of Lmdsat imag- 
ery, these areas are hard to delineate. 

The abundance of small, steep glaciers is also difficult to discern owing 
to the strong shadows on the slopes oriented toward the southwest (tigs. 2 
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Figure 19. —Annotated Landsat 1 MSS false-color composite image of the 
Cordillera Occidental in southern Bolivia and northeastern Chile. The image 
shows a large number of snow-capped volcanic peaks. However, none of the 
high mountains has a glacier, and the white snow patches were caused by 
the abundant precipitation during the just completed rainy season. The snow 
patches as a rule disappear again at the end of the dry season, mostly 
through sublimation. The concentration of red color in the lowlands and 
middle slope regions of the volcanoes, which indicates a strong spectral 
response in the near-infrared part of the electromagnetic spectrum, also doc- 
uments the abundant precipitation in the year that the image was acquired. 
The red coloration in this case represents good plant growth and intensive 
formation of chlorophyll. The abundant precipitation is further attested to by 
the extended surface water in the region of the salars. The location of figure 
15 is shown. Landsat image (1243-14001; 23 March 1973; Path 250, Row 75) 
is from the EROS Data Center, Sioux Falls, S. Dak. 
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Figure 20. — Parts of six 1: 1,000,000-scale 
Landsat 2 MSS images showing the sea- 
sonal cycle of snow and firn fields in the 
Cordillera de Lipez, 

A, Landsat image 2310-13401, band 5; 
28 November 1975; Path 249. Row 75. 

B, Landsat image 2310-13401. band 7; 28 
November 1975; Path 249. Row 75. 

C, Landsat image 2418-13382, band 7; 
15 March 1976; Path 249. Row 75. 

D, Landsat image 2058-13421, band 7; 
21 March 1975; Path 249, Row 75. 

E, Landsat image 2148-13421. band 5; 19 
June 1975; Path 249, Row 75. 

F, Landsat image 2148-13421, band 7; 19 
June 1975; Path 249, Row 75. 

The satellite images show a section of 
the Cordillera de Lipez in the extreme 
south of Bolivia at the boundary with 
Argentina. The area encompasses the 
highest peaks of southern Bolivia, 
which, according to official survey data, 
include several peaks more than 5,000 
m high and one peak, in the Uturunco 
massif, that exceeds 6,000 m in eleva- 
tion. In spite of these high elevations, no 
recent glacierization exists, only some 
firn patches, which can be seen in A and 
B acquired 28 November toward the end 
of the dry season. Beginning in Novem- 
ber, snowfields normally increase in size 
and reach their greatest extent toward 
the end of the rainy season in March and 
April, as shown in C and D. At this time, 
the snow cover may completely cover 
the high peaks and upper basins for sev- 
eral days. Below 5,000 m, the tempera- 
tures are high enough so that the snow 
cover melts quickly. At the greater eleva- 
tion of the higher peaks, the ablation 
process proceeds very slowly because 
of decreasing temperatures during the 
dry season, as can be seen in an image 
acquired in June (E and F). 




The snow patches show their smallest 
extent at the beginning of the rainy sea- 
son in early summer. This is the time of 
formation of the most pronounced peni- 
tent forms. Residual firn patches often 
can be found at the highest elevations 
or in sheltered areas. The snow com- 
pletely disappears in all locations only 
during irregular cycles of about 3-10 
years' duration. The great variability of 
precipitation in the individual years is 
naturally reflected by a variability of 
snow thickness and snow cover extent, 
as documented by the comparison of 
the two March images of 1975 and 1976 
(C and D). The results of the annual radi- 
ation cycle at this location a little north 
of the Tropic of Capricorn (lat 23.5°S.) 
can also be distinguished on the 
images. A comparison of the November 
images (A and B) near the annual zenith 
position of the Sun with the June 
images (E and F), taken at the astronom- 
ically lowest angle of solar radiation, 
shows that the greater effect of shadow- 
ing of the June image is quite pro- 
nounced. This, naturally, favors snow 
preservation in southern exposures. The 
varying response of the surface materi- 
als in spectral bands 5 and 7 is notice- 
able in several areas, including the 
location of the numerous lakes. Also, 
particularly in the November image, the 
white snow-capped peak appears larger 
in band 5 than in band 7; however, with- 
out knowledge of the local conditions 
(ground truth), one cannot distinguish 
whether one is looking at wet snow, 
which responds differently in bands 5 
and 7, at old "dirty" snow, or possibly at 
sulfur efflorescence of craters in volcani- 
cally active regions. 
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and 8). The shadows arc caused by the low, early morning position of the 
Sun at the time of imaging because nf the Equatorial crossing time of 
0930 h. On the northern and eastern sides of the slopes, the casting of 
sliadows has an advantage when differentiating between snow or glaciers 
and clouds. The clouds can be more easily distinguished under certain con- 
ditions from similarly reflective materials because of the presence of a 
cloud sliadow. Of course, this ability to distinguish clouds and ice is more 
difficult if the cloud level itself is located at the height of the glacier and 
snow fields. 

The shadows resulting from the low Sun angle also cause a systematic 
faulty evaluation of the aclual glacier area, especially during the southern 
winter. The shadows at these latitudes, which are especially dark because 
of the small diffuse amount of radiation at the tropical heights, cause prima- 
rily the steep west to southwest mountain slopes to appear very dark, As a 
result, their glacierization is partially obscured, whereas the glaciers on the 
east side, which are lit up in the sunlight, are especially well illuminated, On 
the other hand, the early time of imaging gives the impression that the west 
side of the Cordillera Oriental is the preferred snowfall region because the 
snow that fell in the afternoon and night hours on this side of the cordillcra 
has not yet thawed. This is because of the daily climate cycle that includes 
cloud cover that protects the snowfields on the western slopes from the 
Sun's radiation in the afternoon (figs. 5 and 8). 

Small-scale glacier surface phenomena are seldom visible on Landsat 
imagery These include glacier-flow structures and ablation forms of all 
kinds, such as penitents, old snow areas, and bare ice surfaces, as well as 
changes in proglacial lake levels. The same lack of visibility is true for the 
small, short-term advance and recession of glaciers, which result in small 
surges that are climatically conditioned response mechanisms, However, 
historic and Pleistocene glacier fluctuations can be interpreted by clearly 
identifiable moraine stands on the satellite images. 

Landsat 1, 2, and 3 MSS images, and more recently landsat 4 and 5 TM, 
SPOT, and finally MOMS images, have proved to be useful for glaciologica] 
studies in Bolivia. However, the development in the direction of higher reso- 
lution satellite imaging systems will continue to provide significant improve- 
ments for the observation and surveillance of these semitropical glaciers in 
the future The availability of a wide variety of remotely sensed data will 
make it possible to select particular sensors or wavelengths of the electro- 
magnetic spectrum depending on the specific glaciological applicat ion. 
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Numerous glaciers are found along the more than 4,000-km length of the Andes 
Mountains and range in size from very small snow patches and glacierets in 
northern Chile to the 1 3 ,000-km 2 Southern Patagonian Ice Field in Chile and 
Argentina, the largest glacier outside Antarctica in the Southern Hemisphere. 
The ice fields and glaciers of Patagonia are akin to those of southern Alaska. 
The 2,200 km 2 of glaciers in the Central Andes between Santiago and Mendoza 
are unique 
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SATELLITE IMAGE ATLAS OF GLACIERS OF THE WORLD 



GLACIERS OF SOUTH AMERICA- 
GLACIERS OF CHILE AND ARGENTINA 
By LOUIS LLIBOUTRY 1 



With a section on ROCK GLACIERS 
By ARTURO E. CORTE 



Introduction 
Occurrence of Glaciers 

Tho glaciers of Chile and Argentina appear as glaoiorets, mountain gla- 
ciers, valley glaciers, cirque glaciers, outlet glaciers, piedmont glaciers, ice 
caps, and ice fields along the more than 4,000-km length of the Andes 
Mountains in these countries. Here, the glaciers extend from the southern 
border of Peru at lat 17 D 30'S. to the southern tip of South America at lat 
55 'S They range in sLze from very small glacierets or snow patches found 
on tho isolated volcanoes of northern Chile (IJiboutry and others, 1958) to 
the 13,000-knr Southern Patagonian Ice Field at lat 49 D S. 

The climate and topography vary along the length of the Andes Moun- 
tains, creating different environments for the formation of glaciers. For this 
reason, the discussion of the glacierized areas is divided into the Dry 
Audi's 1 , covering the region from lat 17°30'S. to 35°S., and the Wet Andes, 
covering the region south of lat 35°S. The Dry Andes section has been fur- 
ther divided into the Desert Andes from lat 17°:»(TS. to 3TS. and the Cen- 
Hal Andes from lat 31" to 35"S. (ng. I). The Wei Andes section has been 
further divided into two parts north and south of lat 45 C 30'S. The northern 
part includes the Region de los Lagos (Ukos Region) but extends farther 
north and south. The southern part is now called the PaUujonian Andes. 
(Historical Patagonia was all the land south of lat 37 C S.) 

In the Drsert Andes, arid conditions limit the ice-and-snow formation to 
small patches on the highest peaks (Lliboutry and others. 1958). North of 
lat 28 S., these ice-and-snow patches are found on individual volcanoes, 
some of which are more than (i,t)00 m in elevation (Gonzalez-Ferran, 1995). 
South of lat 28"S., isolated volcanoes do not exist. Here, most of the small 
ice-and-snow areas are found on the main range, which is the border 
between Argentina and Chile. Farther south, in the Central Andes 
between lat 31° and 35°S.. true glaciers flowing at the head of valleys exist 
because of higher mountains and greater precipitation. The total area of 
uncovered and debris-covered glaciers here is about 2,200 knr. 

'Hie Wet Andes south of lat 35 J S. have a much greater amount of precip- 
itation. Between lat 35" and 45"30'S , west of the continuous range tliat 
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Figure 1. — Chile and Argentina showing the occurrence of glaciers in the Dry 
Andes (Desert Andes and Central Andes) and in fneWet Andes (Lakes Region 
and Patagonia n Andes) and location of towns and cities near the glacierized 
areas that have airports. 



1110 SATELLITE IMAGE ATLAS OF GLA< IERS OK THE WORLD 

Digitized by Google 



forms the water divide and the border, more than 35 isolated volcanoes 
have elevations high enough to support glacier ice. However, owing to a 
decrease in the elevation of the main cordillera, no cirque glaciers are 
present in this range until about lat 41°S. South of lat 41°S., a few cirque 
glaciers appear and then become numerous. It is not until about lat 44°25'S. 
that they are large enough to be delineated on Landsat multispectral scan- 
ner (MSS) images. South of lat 45°30'S. in the Patagomart Andes, a very 
large number of mountain glaciers, outlet glaciers, and ice fields are 
located, including the 4,200-km 2 Northern Patagonian Ice Field, the 13,000- 
knr Southern Patagonian Ice Field, and the 2,300-knr ice field of Cordil- 
lera Darwin in the southwest corner of Tierra del Fuego. 



Climatic Setting 



Figure 2.— Southern Andes seen from the 
west. Green-tinted low area is the Coast 
Range (Cordillera de la Costa). The dashed 
line represents the glaciation level. Moun- 
tain summits above the glaciation level 
are shown in a lighter tint, although in the 
Central Andes (lat 31°S. to lat 35°S.) they 
are not totally ice covered. The lighter 
tinted areas have also been extended 
down to the elevation reached by the main 
glaciers (modified from Lliboutry, 1956). 



The variation in the size and occurrence of glaciers in Chile and Argen- 
tina is a result of the interaction of topography and climate. As seen in fig- 
ure 2, the lowering of the equilibrium line altitude (ELA) going southward 
is progressive, whereas lite Andes Mountains are very much lower south of 
lat 35°S. Therefore, large glaciers are found in the Central Andes (lat 31° 
to 35°S.), but between lat 35° and 42°S., ice is found only on isolated volca- 
noes, which are the Iiighest summits there. Moreover, in the Centred 
Andes, because all humidity comes from the Pacific Ocean, the ELA at a 
given latitude rises by about 1,500 rn from west to east (see fig. 6). 

In the most frequent, "normal" meteorological situation, a belt of station- 
ary liigh pressure extends across South America at about lat 35°S., which 
thereby prevents any intrusion of moisture-laden airmasses into the conti- 
nent. One anticyclone (atmospheric high pressure system with winds blow- 
ing spirally outward; in the Southern Hemisphere, the winds travel in a 
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Figure 3. —Selected synoptic meteorological charts of southern 
South America as published in "El Mercurio ' (Santiago): A, The 
most frequent meteorological conditions: high-pressure sys- 
tems (H) located at about let 35*5. prevent moisture from 
reaching the central and northern parts of the Andes but allow 
moisture-laden winds over Patagonia in the south; B. High 
pressure systems located farther north permit moisture-laden 
air from the southwest to reach the Central Andes (lat 31°S. to 
let 35*S); C, Sudestada (southeasterly wind regime) in Provin- 
cia del Neuquen, and an area of high pressure over Patagonia. 
Moisture coming from the northeast can reach as far as lat 
25°S.; and D, Sudestada in northern Argentina. No precipita- 
tion is found in the Central Ancles. Regions of low pressure are 
indicated with an L 



Meteorological stations and their 
synoptic charts: 

Al, Puerto Aisen 

AN, Antofagasta 

AR, Aries 

BA. Buenos Aires 

BB. Bahia Blanca 
BR. Baritoche 
CD. Cdrdoba 

CM, Comodoro Rivadavia 

CN, Concepcion 

EV, Islas Evangelistas 

FL, Florianopolis 

JF, Juan Fernandez 

LS, La Serena 



abbreviations shown on the 

MV, Montevideo 
NQ, Neuquen 
PA, Punta Arenas 
PM, Puerto Montt 
PO, Porto Alegre 
RG. Rio Gallegos 
SC. Santa Cruz 
SH. Springhill 
SI. Santiago 
SP. Isla San Pedro 
TE, Temuco 
VI, Viedma 
VP Valparaiso 
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counter-clockwise direction) is situated permanently on the west coast 
over the Pacific Ocean and another on the Atlantic coast. To the south, a 
steep north-south atmospheric-pressure gradient induces strong, moisture- 
laden westerly winds to flow over Patagonia (south of lat 45°30'S. In 
fig. M). Consequently, western Patagonia has heavy precipitation, whereas 
the northern part of Chile is a hyperarid desert. 

During the year, the anticyclones fluctuate in latitudinal position. Nor- 
mally from May to September, they are located at lower latitudes, which 
allows moist air masses from the southwest to reach the Andes Mountains 
and results in some very heavy snowfalls (fig. 3fl). This influence can 
extend northward as far as lat 28°S. North of lat 24°S. on the very liigh 
Puna, local convection provides some storms with snowfall, however. 

From October to April, as a rule, the anticyclones are found at higher lat- 
itudes. Moisture from the Amazon basin reaches Peru and the Cordillera 
Oriental of Bolivia. Some precipitation coming from the northeast can also 
reach the Altiplano (the very high, semiarid plateau) as far as lat 25°S. The 
Pacific anticyclone can even extend over Patagonia, which results in a 
south wind, fine weather, and a cloudless sky over the Patngunian Andes, 
a rare event (fig. 36'). 

Other synoptic weather patterns are also possible, hi particular, between 
the Pacific and Atlantic anticyclones, cool and humid Atlantic maritime air- 
masses can invade central Argentina, a situation called Sudestada (south- 
easterly wind regime). Figures 36' and 3/) illustrate two extreme cases. In 
the first, rain in the lowlands and snow in the Andes are found in Provincia 
del Neuquen (between the Provincia de Mendoza and Lago Nahuel Huapf) 
(about lat 36° to 40*S.). In tliis case, the Central Andes only have light 
snowfall In the second case, the Sudestada wind pattern extends over Uru- 
guay as far as the Provincia de Tucuman, especially affecting the Nevados 
de Aconquija at about lat 27\S. Under these meteorological conditions, no 
precipitation results in the Central Andes. 

The three possible sources of moisture to the Dry Andes, in decreasing 
order, are the southwest, southeast, and northeast. This explains why the 
tlriest Andes are found on the west border of the Altiplano between lat 20° 
and 28°S 

Application of Remote Sensing 

As a rule, the Andes Mountains of Chile and Argentina liave neither 
inhabitants nor roads. This fact, combined with the very high elevations of 
the Dry Andes and the very bad weather and often impenetrable rain for- 
est of most of the Wei Andes, makes the study of their glaciers very diffi- 
cult. I "nder such conditions, remotely sensed data provide a valuable tool to 
aid in the monitoring of glacierized areas. Remotely sensed data, and par- 
ticularly Landsat data, can be used to determine the occurrence of glaciers 
in some areas, to delineate areal extent, where not obscured by debris 
cover, and to monitor snowline variation, glacier surges, and volcanic 
events that affect glacier areas. Figure 4 and table 1 show the optimum 
l-andsat 1, 2. and 3 MSS and return beam vidieon (RBV) images that have 
been evaluated for glaciological applications and are available from the U.S. 
archive at the EROS Data Center, Sioux Falls, S Dak. More recent Landsat 
data are also available from the EROS Data Center and from receiving sta- 
tions in South America. 
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Figure 4. -Optimum Landsat 1, 2, and 3 images of 
the glaciers of Chile and Argentina. 
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EXPLANATION OF SYMBOLS 

Evaluation of image usability for gieciologic. geologic, 
and cartographic application*. Symbol* defined a* follows: 



» 

O 

o 



Excellent image (0 to i5 percent cloud coverl 

Good image <>S to ilO percent cloud coverl 

Fair to poor image (>10 lo <10O percent cloud covert 

Unusable image 1 100 percent cloud coverl 

No image available 



for a Lendul 
i of glaciers 



Usable Landsat 3 RBV scenes. A. B. C. 
and D refer to usable RBV subscenes 
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TXBLK 1. — Ofitimum Lai nd sat I, 2. and .'? images of the glaciers of Chile and Argentina* 
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TABLE 1 — Optimum Landsat I, J, and 3 images of the glaciers of Chile and Argentina' — Continued 
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TaJiu; 1. — Optimum Ijandnat I, 2, and .1 images of the glaciers of Chile and Argentina' — Continued 
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Six supplemental Landsal 5 images are included, three of which provide excellent coverage of the Southern Patagonian Ice Field (fig. 32), 
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Glaciers of the Dry Andes 

By Louis Uiboutry 3 



Abstract 

Kntm a glariological perspective, the Dry Andes can be divided into the Desert Andes 
north of latitude South aixl the Central Andes between latitude 'W and -f>' South. 
Because of lower precipitation and elevations, only permanent snow patches and glacierets 
are present In the Desert Andes. IjUTje glaciers are situated In the Central Andes because of 
higher mountains and greater amounts of precipitation. In the Desert Andes, the glacialion 
level is variable and depends on the amount and source direction of the precipitation. At lati- 
tude 2T South, it lowers eastward from 6,200 meters to 5,500 meters or less. At latitude 20° 
South, It rises eastward from below f>,(500 meters to about 0,000 meters. Glaciers of the On- 
trot Andes cover about 2,200 square Idkmtctrrs and can be as much as 14 kilometers in 
length. Their lower ends are partly or completely covered with mnrainic debris and are Indis- 
tinguishable from rock glaciers. Some surging glaciers are present. The Rio del Plomo has 
been dammed at least three times historically by a surge of Glaciar Grande del Nevado. An 
ephemeral lake was created that eventually drained rapidly and caused a destructive flood 
downstream of the failed ice dam. During the 'Ice Age," a significant expansion of the gla- 
ciers in the Central Andes took place. The lowering of the Equilibrium Line Altitude (ELA) 
should have been about 1,000 meters from todays El A The lowering of the mean annual 
temperature should have been small. The main factor was an increase of the annual precipi- 
tation, caused by a 200- to 250- kilometer shift northward of the wetter climate to the south 

Geographic Setting 

The very high, seniiarid plateau, known in southern Peru and western 
Bolivia as the Altiplano, extends southward into Chile and Argentina to lat 
28°S. The plateau has an elevation of about 4.000 nt above sea level and 
becomes narrower as it extends to the south. In Clule and Argentina, it is 
called fa Puna (puna also means mountain sickness). At its west border, 
near the Chilean desert, are a series of Quaternary volcanoes, often reacliing 
elevations of more liian 6,000 in, an extension of the Cordillera Occidental in 
Bolivia. Mountain ranges, running in a north-south direction, exist on the east 
side of the Puna. The Cordillera de los Andes (the Andes Mountains) is a set 
of more or less parallel mountain ranges, not a single one. In Spain, a range is 
called sierra; in South America, it is called cord6n or cordiUera. 

South of lat 28 C S., isolated volcanoes do not exist. The main range is both 
the drainage divide between the rivers tliat flow into the Pacific and Atlantic 
Oceans and the international border between Cliile and Argentina. The Trat- 
ado de Lunites (Boundary Treaty) officially delimited the border between 
both countries as "the water divide." wliich, they thought, was a line connect- 
ing the highest mountain peaks. The existence of mountain ranges between 
drainage basins was, at the time, a very popular theory among military geogra- 
phers to the extent that. In France, an imaginary mountain range was drawn 
between the Seine and the Loire (rivers), a region tliat is. in fact, completely 
flat. The nonsensical theory' of such "natural frontiers" led to many border 
controversies in Patagonia up to recent times, but at the same time, it has 
been the motivation behind many useful expeditions to explore the region. 

Mapping and Aerial Photography 

Glaciologists and geographers should not trust any elevation that is indi- 
cated on maps of the Andes Mountains. The sources of their elevation data 
are never indicated, and these sources may differ from one another by sev- 
eral hundred meters. The critical work of a historian is often necessary to 
juilge accuracy. 

:< X Awnu? de la Foy. *37l» I'nnew. France 
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Considerable ground geodesy was done at the beginning of the 20th cen- 
tury by an Argentine-Chilean Comision de Linutes, wliich was charged to 
delimit the international border. The first edition in 1915 of the Carta Natio- 
nal de Clule (CNC), a set of maps at a scale of 1 :500,000, used these data. Its 
last edition, with little modification, was published in 1945. Up to recent 
t imes, it was the best source for geographic place-names and for elevations 
north of lat 41 C 30S, on the Chilean side and near the border. Near Santiago, 
Chile, the CNC was unproved (more details and place-names, without modi- 
fying the elevations) in 1929 by W. Klatt and F. Fickenscher (KF), Their map 
at a scale of 1 :250,000 was used by Chilean au/iinuttos (mountaineers) up to 
1956. On the Argentine side, very accurate maps at a scale of 1 :25,000 of the 
Aconcagua group (lat 32°30'-32°50'S.) and of the glaciers in the Kfo del 
Plomo drainage basin (lat 32 C, 55'-33°20 , S ) were made by terrestrial photo- 
gramnietry (Helbling, 1919). Flscwhcre, cartography of the Argentine Andes 
remained very poor up to recent times 

From April 1944 to April 1945, at the request of the Chilean Government , 
a Trimetrogon aerial survey of all of Chile was done by the U.S. Army Air 
Force and was compiled in Panama by the Army Map Service. Very few place- 
names were indicated, and glaciers of the Central Andes were not repre- 
sented. (Tliis region liad been surveyed in winter, and the plotters carto- 
graphic technicians did not recognize or discriminate glaciers in snow- 
covered areas.) The Institute Geognuico Militar de Chile (ItiMC) sold this 
preliminary chart (Carta Prelimmar. CP), at a scale of I 2f>t>,(XK), in the 1950's 
without making changes other than metric conversions. At the same time, I 
drew a more detailed map at a scale of 1 : 1 50,000, extending from lat 32°30" to 
34°30'S.. long 69°40' to 70°30'W. (Uiboutry, 1956). For the first time, glaciers 
of tlus area were represented. The contour lines came from the CP (with 
some corrections near the border), the elevations came from CNC, KF, and 
.Argentine maps. 

Vertical aerial photographs that are suitable for accurate cartography were 
taken in 1955 and 1956 in Chile and in 1963, 1974, and 1980-81 in Argentina. 
They liave been used, together with modern geodetic -control networks, for 
compilation of maps at scales of 1:50,000 in Cliile (denoted IGMC) and at 
1:100,000 in Argentina. Today all of these photograplts and maps are on sale 
without restrictions in both countries. Nevertheless, many geographers still 
use the U.S. Operational Navigation Charts (ONC) at a scale of 1:1,000,000 
(the same scale as the standard Landsat images), which were printed before 
the modern accurate maps became available (fig. 5). For Cliile, the ONC is a 
reduction of the CP. For Argentina, the ONC reproduces the navigation chart 
Carta Aeronaiitica Mundial (OAIC) made by the Instituto Geogranco Militar 
de Argentina (IGMA). In both cases, elevations were drawn from all the maps 
available at that time Where the elevation of a given summit was not the 
same in the different maps, the highest elevation was kept, a logical choice 
for an aeronautical navigat ion chart Many elevations, especially in the Argen- 
tine Andes, came from climbers who had reached a summit and merely read 
their pocket altimeters. They were calibrated in the early morning before the 
ascent, and the summit was reached in the afternoon, when atmospheric 
pressures are much lower Therefore, their reported elevations are too high. 
For instance. Vnlcan San .lose (lat 33°45S.) (5,830 m CNC, 5,856 m IGMC) is 
credited with 6,100 m on the ONC, and Cerro (Volaiii) Tupungato (6,550 m 
CNC) is credited with 6,800 m on the ONC The elevation of Cerro/Nevado 
Ojos del Salado (lat 27 C 07'S.) is 6,880 m on the CNC, 6.863 m according to a 
Polish tiiangulation in 1937. 6,937 m according to an Argentine one, 6,885 ±3 
m according to a U.S. Commission led by Adams Carter in 1956, and 6,900 ±5 
m according to Spedizione Condor (1989), whereas it is credited with 7,084 
ni on the ONC Tliis last elevation, which appears to make this summit shared 
by Chile and Argentina higher than the summit of Argentine Aconcagua, was 
obtained with a pocket altimeter by the official Chilean expedition or Captain 
Gajardo in 1956. 
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Figure 5.— Comparison between an older U.S. Operational Navigation Chart 
(ONC) and a Landsat 2 image. A, Reproduction of part of 1:1,000,000scale 
ONC Q-27. Edition 3, compiled in 1973, published in April 1974. B. The same 
area seen on Landsat 2 MSS image 2418-13400, band 7 (15 March 1976; Path 
249, Row 79) from the EROS Data Center, Sioux Falls, S. Dak. Although valu- 
able for basic reference, note that the ONC contains many geographic errors. 
For example, (11 the elevations are incorrect by about 180 m; (2) the bound- 
ary between Chile and Argentina is incorrect (The international border lies 
on the water divide between the two closed drainage basins of Laguna Verde 
(Chile) and Salina de la Laguna Verde (Argentina)); (3) a white tongue of sand 
just south of Cerro Solo (between Cerro/Nevado Tres Cruces and Cerro/ 
Nevado Ojos del Salado) has been mismapped as a salar (blue dots); and (4) 
a caldera about 5 km in diameter northwest of Cerro Bonete is not shown. 
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The elevation of Aconcagua lias been often determined because it is (lie 
liighest summit of the Americas and of the Southern Hemisphere. The first 
results were: 

6,970 m (Gussfeklt in 1887) 

6,960 m (Comision de Limit es in 1897) 

7,0-35 m (Fitz-Gcrald Expedition of 1897. which reached the summit ) 
6,960 and 6.940 m (two distinct triangulations by Schrader in 1904) 
6,954 m (KiMA, unpublished; verbal common, in 1951) 
In spite of this last result, an elevation of 7,021 m was chosen by the Direc- 
tor of the 1(5 MA for the maps published in the 1950s In 195(5, a very precise 
determination was made by the University of Buenos Aires, Argentina, 
which used 2,100 km of geodetic leveling from the Atlantic coast and direct 
triangulation for only the last 18 km (Buglietto, 1957). It yielded (5,959.75 
± 1 . 1 8 m, exactly t he old value of Comision de I jmites, which made its level- 
ing from the Pacific coast, a distance of only 120 km Therefore, on the 
OAK ' and ONC, a correct value, (5,959 m, has been reestablished. An eleva- 
tion determined by satellite geodesy, (5,902 ±1 m (Spedizione Condor, 
1989) is less trustworthy because the geoid model OSl! 89, which is used in 
the Global Positioning System (GPS), may well be inaccurate by 2 m in this 
region. For the same reason, the elevation of Cerro/Nevado Ojos del Salado 
should be about (5,885 m rather than about (5,900 m. 

The following information on geographic place-names will assist in inter- 
preting place-names found on Andean maps. In Spanish, the double ell (II) 
is pronounced as the English y. In Chile, the popular pronunciation of hua/ 
hue is gua/gue. As a result, Oyahue and OUague are identical (both are 
given in table 0). Monte in Spanish denotes a hilly and forested terrain 
rather than a mountain. The Spanish word pico (beak) has a second mean- 
ing, peak; in Chile (but not in Argentina), it has a sexual meaning and is 
almost taboo. Therefore, Chilean mountains are called cerros (in Spain, a 
cerro is only a hill). If it holds permanent snow or glac iers, it is called 
nevado, a word usually abbreviated to nvdo. on maps. The abbreviation of 
nvdo. on maps explains the incorrect name of nudo (knot) given to some 
nevados by foreign geographers. 

Precipitation Variability and Glaciation Level 

The liigli elevations in the Dry Audi's cause all precipitation to fall as 
snow. Cold powder snow is blown from the mountain sununils. Glaeierels in 
the Dt'sert Andes may be found only on the leeward side of summits, in 
more or less well-pronounced cirques (glaciers eroded some of the cirques 
during the "Ice Age"). In the Desert Andes, precipitation is accompanied 
during local storms by a great deal of lightning. By comparison, lightning is 
almost unknown in the Chilean Central Valley and in Patagonia. The tran- 
sient snowline may. therefore, differ from one mountain to another. Large 
glaciers of the Centml Andes are found at the heails of high valleys Gla- 
ciers are most commonly oriented to the southeast and their elevation 
increases from west to east (fig. 6) Thus, the concept of a snowline as a 
function of elevation, or the lower limit of glacierization, cannot be applied 
in the Dry Andes. Only a glaciation level may be defined (elevation or the 
lowest summits that have permanent snow patches), and even this concept 
must be handled with care, given the greater importance of local topogra- 
phy (fig. 2) For instance, the young Volcan Maipo (5,290 m) (lat :J4°10'S.) 
has only a few permanent snow patches in gullies, although the glaciation 
level is about 4.500 m in this area. 

As in all semiarid and arid regions, the range of annual precipitation is 
very large. For example, in Santiago (lat :?.T.'iO'S ) between 1H46 and 1948, 
the minimum precipitation was 66 mm in 1924, and the maximum was N20 
mm in 1901. The distribution of annual precipitation is distinctly bimodal. 
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Figure 6. — West-east cross section 
through the Central Andes at Portezuelo 
do. Paso Piuquenes (lat 33'38'S.), the low- 
est pass east of Santiago, showing moun- 
tains and glaciers just to the north. The 
most common orientation of glaciers is to 
the southeast; their elevation rises to the 
east. The westernmost glacier is Glaciar 
Echaurren, which is monitored by Direc- 
tion General de Aguas (Santiago) (modi- 
fied from Lliboutry, 1956). 



Instead or saying that the mean annual precipitation in Santiago is 370 mm, 
it is better to say that, 4 years out of 5, it fluctuates around 300 nun, and 1 
year out of 5, around 660 nun. (These years of high precipitation will be 
called thereafter as "wet years.") At the town of Los Andes (about lat 33°S.), 
70 km north of Sant iago, the annual precipitation is about 300 nun. In Ran- 
cagua (about lat 34°S), 80 km to the south, it is always about 660 nun a -1 , 
nearly. Santiago is mi the lwnindar\ between two i lunatu subfl gfcXU 

Temperatures and Ice Formation 

Air temperatures at high elevations have been published only for Paso do 
la Cumbre/de Uspallata (3,837 m) (lat 32°50'S). In table 2, unpublished 
data from the Observatorio del Infiemillo (4,320 m) (lat 33°10'S.) are pre- 
sented (Professor Gabriel Alvial, written commun., 1966). An interesting 
fact is that air temperature depends mainly on weather conditions. The 
range of mean daily temperatures within a given month is slightly larger 
tlian the range of monthly temperatures for the entire year (11°C). How- 
ever, both are generally considerably larger tlian the daily range. The pre- 
ceding refers only to air temperatures. Because of elevation and low 
humidity, diurnal oscillations of temperatures at the ground surface may be 
quite large. 

Mean air temperatures and the vertical gradient given in table 3 show that 
at 4,400 in, which is the elevation of the ELA on the glaciers of tliis area, the 
mean air temperature during the dry season should be about -1.8°C, and for 
the entire year about -5.1°C. Thus, the glaciers are cold mid all the more so 
throughout the Dm A »<lrs. w here glaciers are found at higher elevations. 

Since 1968, the Direeeidd General de .Aguas (Santiago, Cliile) has main- 
tained a meteorological station and has carried out mass-balance measure- 
ments or Glaciar Echaurren Norte (lat 33°33'S.. long 70 <, 08'W., 3,650 to 3,880 
m above sea level (asl), drainage basin of Rio Maipo (Pena, Vidal, and Esco- 
bar, 1984)) (see location in fig. 6 (Cerro Echaurren)). Summer is cloudless 
most of the time. Ice melt is about 2.4 cm per day in January and about 1.7 
cm in May (water equivalent). During the night, the surface temperature of 
the glacier drops to -5.0°C to -7.0T, and the cold wave penetrates to 40 cm. 
< 'c 'iisequentlv a large amount i if meltwatcr rehvezes In la'* 1 spring, until all 
the fini reaches melting point, ice lenses form. Later, superimposed ice is 
accreted to cold glacier ice. Owing to this melting-n-freeziug process, any 
layer of newly fallen summer snow has a density of 0.4-0.6 after 3 weeks, 
independent of its thickness, and must be called firn. In January, the snow 
from the previous winter has a density of 0.63, 

Because the nourishment of glaciers is by superimposed ice, the usual 
concept that the highest position of the transient snowline is the equilib- 
rium line is wrong in the Dry Andes. This highest position is well above the 
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TABLE 2.— Summary of air temperatures fO recorded every 2 hour* at Ote Obsen<atnrio del h\ficrniUo, 1901-65 
llM « km, W ink' . «,XI> m. - ■.,<!*. Suumr IWr~..r <;«l.ri.-l Wvui («ntl.-n .xmiiwn IHW.H 



Yi*w MnMhly Cold and <inuwy wwwfl C«iJ mid diy arasim 









Ma> 


Jun 


.liJ 


Auk 


Sep 


Oct 


Nov 


l»ec 




Feb 


Mar 


Apr 


D 


1962 




1.2 


-0.9 


1.1 


-3.9 


-0.S 




3.7 


5.3 






2.3 


4.0 


A 


to 




-7.03 


-7.5a 


-9 79 


-10.81 


-9.00 


- 


2.10 


.26 


- 


- 


-1.57 


-.46 


I 

1 


19G3 


MitUmum 


-13.9 


-15.2 


-16.3 


-17.8 


-17.3 




-6.4 


-8.7 






-7.0 


-6.5 


1 ■ 
V 


1963 


Maximum 


2.6 


-0.7 


_ 


-2.5 


1.8 


0.7 


1.3 


3.1 


8.2 


3.6 


5.0 


-.5 




to 




-2.71 


11.50 


- 


-9.67 


-5 56 


5.87 


-3,84 


-2.78 


1 -to 


1.29 


.05 


-3.81 


M 

K 


1964 




-7.9 


-19.0 




-17.1 


15 1 


-1* 7 


-9 5 


-9 1 


17 


-3.9 


-3.9 


11.4 


r, 
A 


1964 


Maximum 


-l.fi 


1.9 


- 


- 


- 


- 


- 


- 


4 1 


U 


6.0 


2.1 


N 


to 


Mean 


-8.65 


7.IR 


- 


- 


- 


- 


- 


- 


19 


-.18 


1.40 


5.79 




1965 




-20.1 


12.4 














4.9 


-5.2 


-4.6 


-10.4 




All 3 




2.6 


lit 


1.1 


-2.5 


1.8 


.7 


17 


5.3 


8.2 


44 


6.0 


40 




Mean 


-ft 13 


8.73 


-9.79 


-1024 


7.28 


-5.87 


2.97 


-1 20 


74 


.56 


-.04 


3.35 








-20.1 


-19 6 


-16.3 


-17.8 


-17.3 


-12.7 


-9.5 


-!U 


-19 


5.2 


-7.0 


-114 








6.0 


4.2 


46 


1.5 


70 


5.9 


8.2 


9.8 


12 1 


9.1 


8.5 


7.8 




Bi-hourly 




-22.2 


-22.7 


-17.8 


-19.4 


-19.0 


-144 


-13.2 


15.0 


8.0 


-10.1 


11.4 


-147 



Tawi: 3 — Mean air lempeml u mt at the Ofcwmttorio del Ittfirrnittu (4,-'U0m) ami at Pom 
de la Cumbrr/de Cxpaliata (.%H27m) 
(Lai :r."<r.s . !,.„« Tij-ur.w | 









Eiilin* yt*v 


Inflenilllii (4,320 mj 


-aorc 


-1.06 -■<• 




U Cumbre/de I'spallata (3.827 m l 


-5.230 


3.33 C C 


-,95'C 


Venl.nl urodtent (adiah«i< la,,*- rat.' per 100 m) 


56 C 




.TJV 



ELA. In fact, because the annual variability of precipitation Ls quite large, at 
the end of the melt season in normal years, only patches of firn (where local 
factors have provided an abnormally thick winter snow) are found on the 
glaciers. In wet years, the whole glacier may be an accumulation area. 

Although the monitoring of the ELA is recommended by the Permanent 
Service for the Fluctuation of Glaciers (a permanent service, now merged 
with the World Glacier Monitoring Service in Zurich, Switzerland, and spon- 
sored by the International Council of Scientific Unions), this monitoring is 
impossible in the Dm Andes and would be a useless exercise. Only cores 
and snow-pit studies allow monitoring of mass balance in suc cessive years 
(and with a poor accuracy because of penitents). Past mass balance in an 
actual accumulation area cannot be determined because of large gaps in 
the stratigraphy (Cabrera. K)H4; Escobar and Vidal. HXRJ; Escobar and oth- 
ers, 1095). 
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Penitents and Snow Hydrology 



Penitents (the name derives from a resemblance to religious brothers 
wearing cowls and walking during Holy Week) are irregular blades of firn or 
ice, oriented east-west and pointing toward the Sun; thus, they tilt toward 
the north in the Southern Hemisphere. They are created as the result of dif- 
ferential snow-iee evaporation-sublimation rates when the air and dew- 
point temperatures are below 0°C, atid solar radiation is intense over a 
period of many weeks (Lliboutry, 1954b, 1964). The temperature of the 
blades of the penitents remains below the melting point, whereas in the 
depressions between the blades, trapped solar radiation and humid air 
combine to melt the firn or underlying glacier ice. 

The formation of penitents is the rule in the Dry Andes, except in the 
wet years of central Chile. We may even define the southern limit of the 
Dry Andes by the disappearance of penitents. (In tlus case, on the Argen- 
tine side, the Dry Andes should extend to Volcan Domingo at lat 37°S.) 

In the Andes Mountains near Santiago in normal years, small penitents 
about 10 cm high (micropcnitents) can be observed as soon as late winter 
(Lliboutry, 1961 ). At 3,500 m, they reach about 50 cm tall in spring and 1 m 
in January (summer). The north-south dimension always remains 2 to 3.5 
limes smaller than the height of the blades as the blades melt. But at mod- 
erate elevations with the rise of the mean air temperature, the blades melt 
and penitents become mere "sun spikes." It is only at elevations liigher than 
4,500 m that penitents keep their shape indefinitely. 

When the furrows of penitents reach bare soil, the penitents may be 
blown down; when t he furrows reach glacier ice, the carving by local melt- 
ing goes on into tbis ice (figs. 7, 8). Penitents on glaciers are, in general, 
2-3 m high. Therefore, mountaineers (in Latin America, andinistas) avoid 
crossing any glacier, unless t raveling in the east -west direction of the fur- 
rows. Nevertheless, the tallest penitents ever observed (5-8 m liigh) were 
not found on a glacier but on a snowdrift that had become firn. It was at 
6,000 m on the north slope of Ocrro/Nevado Ojos del Salado (lat 27°S.) in 
November 1949 (Relastin. verbal rommiin., 1952). 

Heat -balance measurements in a field of penitents may be done at two 
scales: ( 1 ) "microscopic" balances in the furrow on the south wall of a blade 
(which is in the shadow in summer because of t he decreasing elevation of 
the Sun at midday) and on the north, sunny wall; and (2) "macroscopic" 
balances, which consider a heat-transfer layer several meters thick. Por the 
latter, albedo measurements have been published by I'ena, Vidal, and 



Figure 7 — Snow penitents (bottom} and 
ice penitents (left) on Glacier Olivares Beta 
at 4,700 m. The highest mountain summit 
in the background is Nevado del/el Plomo 
(6.050 m) seen from the southwest. Man 
dressed in black in the foreground gives 
the scale. See figure 9 (number IV for 
general location. Photograph by Louis Lli- 
boutry taken on 28 January 1953. 
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Figure 8. — Ice penitents on the lower part 
of Glacier Marmolejo. Cerro Marmolejo, 
source of the glacier, is near the south 
edge of figure 9. It is not possible to 
monitor fluctuations of the glacier termi- 
nus on an annual basis. Photograph by 
Louis Lliboutry taken on 13 January 1953. 



Salazar (1984). Whereas the albedo of fresh summer snow is 0.75-0.82 the 
Bnt day and 0. 70-0.74 after 3 days, and the albedo of firn from the previous 
winter is 0.45-0.55, the albedo of a field of penitents carved in this ftrn is 
only 0/30-0.40. 

The water that flows out from a field of penitents, even with negative air 
temperatures, cannot be predicted by the mathematical models in common 
use in snow hydrology. The large drainage basin discliarges given in table 4 
cannot be attributed to dew or melting of rime ice. The probable stuallness 
of the deficit in outflow of cordilleran drainage basins (in the Dry Andes) 
comes from the lack of plant and tree cover and associated transpiration. 

Desert Andes (North of Lat 31°S.) 

Mercer ( 19(17) compiled all the published observations about snow 
patches and glacierets in the Desert Andes. In general, observers were 
unable to say whether a snow patch was permanent or not. A much better 
compilation could be made by the comparison of satellite images on succes- 
sive years. 

North of about lat 26°3ffS., September is the month that has the least 
snow cover on the crests and summits of the mountains. In March, the snow 
cover differs widely from year to year. From an examination of Landsat 
images of the area, the following months were determined to have had min- 
imum snow cover: September 1972, October 1972, March 1973, and March 
1975; February 1970 had the most snow. The most useful Landsat 1 . 2. and 
3 images of the Dry Andes region for glaciological purposes are listed in 
table EL 

South of lat 26*30*8., the situation is different because moisture comes 
from the southeast during Sudestada, not from the northeast. In this 
region, the March Lindsat images show the least snow cover. The snow 
cover also varies from year to year; much more snow was present in March 
1975 than in March 197G. Landsat images of the region do not have suffi- 
cient resolution to determine if small white areas on mountain summits are 
firn or glaciers. However, the important thing is that , whether snow or ice, it 
provides the only source of ground water in t hese hypcrarid regions. 
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TAHLK 4.— Arm of drainage basin and discharge of mountain riven in the Chilean Andes 
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(Jan) 
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(Jan) 
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920 
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(Jan) 


41.9 
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(Jan) 


24.8 
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1 Data frtmi Emprww National <le Ek-ctrtcidad, Socledad Anoninui < ENDESA) | National Electric Power Enterprise, ln™rpor»l«^l, Cliile| 



2 Data from Vak1ivia<19H4). 



TABLE 5.— Most useful Landsat 1. J, and :i images of the glaciers of the Dry Andes 

|7W4r I Ihr nKilKiix IjnrieM I. 2 and ^ Imnim <if U<- 0»i-n of ( t<V ml .M»-nlar»| 





Nominal *«if 
center 
(Ial4i>nc) 


Undaat 
Idtfitlllralton number 


Date 


248-77 


24<3l&, 65"40'W. 


1223-1.1193 


03 Mar 7.1 


248 -79 


27-aS.,firi'27'W. 


2417-1.1342 


14 Mar 76 


249-77 


24 "31'S , 67'06 W 


1008-13540 


31 Jul 72 


249-78 


25=56S , 67°2L«'W. 


2418-13393 


15 Mar 76 


249-79 


27=-23'Sv, 67"53'W. 


2418-13100 


15 Mar 76 


249-80 


28 49 S-, 6817'W. 


2418-13402 


15 Mar 76 


249-82 


31 4IS.69 06W 


2040-13452 


03 Mar 57 


249-83 


33=07S., 61T32W. 


2022-13455 


13 Feb 75 


249-8.1 


39=07 fv, 60'32'W. 


30675-1.1415 


09 Jan 80 






A,C,D 




249-83 


:o=07s.. ai c 32'w. 


2418-13414 


15 Mar 76 


241WW 


3432S , 09"WW. 


2022-13461 


13 Feb 75 


249-84 


.14 32 S-, 69 ".WW. 


2418-13420 


15 Mar 76 


250-75 


2I"38S.,67'48'W. 


1243-14001 


2.1 Mar 73 


250-76 


23=04'S. 68M0 W. 


1243-14004 


23 Mar 73 


250-77 


24 :U S . 68°33'W. 


1243-14010 


23 Mar 73 


250-78 


25 '56'S., 68 '55'W. 


2401-13455 


27 Feb 76 


250-81) 


28 '49'S , 69 43'W. 


1243-14022 


23 Mat 73 


250-81 


30'15'S, 70WW. 


1243-14024 


23 Mar 73 


250-82 


31 =4 I S., 70°33 , W. 


1243-14031 


23 Mar 73 


250-83 


3.1 07S., 70.WW. 


2419-13172 


16 Mar 7fi 


251 7.1 


IS'45'S , r»*:«TW. 


ioio~i40ttr, 


02 Aug 72 


251-74 


20 M S . 68 r.l'W. 


1244-14053 


24 Mar 73 


1-72 


17=l9'S..6!r:M'W. 


1065-14091 


26 Sep 72 
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Table 6 lists all the mountain summits north of lat 3TS. where snow or 
ice was present in all the analyzed Landsat images, A total of 83 summits 
are listed, as compared to 38 reviewed by Mercer (1967). For sake of com- 
parison, the southernmost cordillera in Peru (Cordillera del Barroso) has 
been included, From this list, the glaciation level may be estimated. 

At about lat 24 C 42'S. and loivg 68°30'W., an ice field existed in December 
1952 between 5.600 m and 6.500 m on Llullaillaco (Lliboutry. 1956. p. 305, 
1958), whereas the highest lower summit. Volcan Socompa (6.051) m). has 
no ice, Thus, the glaciation level is at about 6,1(10 m. At the same latitude 
but at about long 66°W., it has lowered to less than 5.800 m (Nevado de 
Acay, Nevado de Chani). 

At about lat 27*S., long 68 t, 42'W , ice is found at Nevado Tres Cnices 
(6,330 n>) but not at Cerro Solo (6,190 m). which indicates a glaciation 
level at about 6,200 m. At the same latitude and long 66°W., it is at 5.500 m 
or less in Nevado de Aconquija (5,550 m). the easternmost mountain range. 

At lat 29"S., where the source of precipitation is from the southwest, the 
situation is rc%*ersed. The glaciation level is belnw 5,600 m at Nevados de 
Tambillos on the border, and it is at about 6,0<)0 m at. Nevado de Famatina, 
1 75 km to the east . 

At about lat 30<\S., I'askofr ( 1967) described young rock glaciers above 
4.0(H) m at the head of Rfo \a l^iguna, near a road from 1-a Serena, Chile, to 
San Juan. Argentina, that crosses the border at I'aso de Agua Negra (4,775 
m) The thick morainic dam of Ligo Li Laguna at 3.100 m indicates the ter- 
minus of a I'leistocene glacier about 30 km long. 



Table 6— Mountaitis and ivkanocs Uml have permanent snotr patches and glaciers north of tat iVS, I'era. Bolivia, Chile, and Aryentina 
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Nevado ChuplqmrUi 
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17=26' 


6S/52 


1-72 
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Pert 


5,6Ht> 


I7-28- 




1-72 


n. -t 
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17=29* 


«T52 


1-72 


na. 
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5,741 


I7':W 


<#'52' 


1-72 


ha 
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17=36' 
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n.a. 




Pert 
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17-VV 


m 48- 


1-72 


na 




Pert, Chile 
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i7=a»' 




1-72 


n.a. 
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5,787 


17*41' 
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na 




Chile 
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17=43' 


6Sf=47 
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Solfatari 


ONC: 10.521 fW5,060m 


Chile 


5,488 
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«♦:»• 


1-72 


n.a 




Chile 
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17=51' 


«f=J0' 


1-72 


n.a 
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1-72 
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Tahu: Mountains and inlranoes that hair permanent mow patfhcs and gtacim north qflal 31"S., /Vni, Uolima, ChUc, and Argentina— Continued 



Mowtain or vnlrann name (altrmair 
name) Ajs-m.ruvOulc 


( nuntry 


Elevation 

(rnrtml 


Laliludr 

MOUth 


Lunglludr 
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Number of 
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CerroQuisiquisuu 


Bolivia. ChUc 


5,480 


18= 14" 


69W 


251-73 


n.a. 




Nevados ile Quimsai hata: 


















Bolivia Chile 


6.050 


18--23' 


69°03' 


251-73 


Holooene 
age 


ONC: 19,918 fU6,07lm 




Bolivia, Chile 


5,990 


18*25' 


69>03' 


251-73 


n.a 






Chile 


6,000 


18=2-V 


69-= 06 


261-73 


4 in 1960 




Ceno Puquinlita 


Bolivia, Chile 


5,760 


Iff 44 


68°58' 


251-73 


Solfalari 


ONC: 18,852 fU5,746m 




Chile 


5,530 


19=09' 


68 =50" 


251-73 


8 in 1960 






Bolivia 


5,860<?) 


IfrflS' 


6837 


251-73 


n.a 


ONC: 21,230 ft =6,471 m 


Cerro Sillajguay 


Bolivia, Chile 


5,095 


19*44' 


68=42' 


251-74 


n.a. 


ONC: 19,670 ft=o,995 m 


Cerro Aut'an<jU]U*ha 


Chile 


6,180 


21 13' 


68=28' 


250-75 


Solfalari 


ONC: 20,300 (t=6.l8i m 


Volean Oyahuc (Otlague) 


Bolivia, Chile 


5,870 


21=18' 


68" 11' 


260-75 


Solfaiari 


ONC: 19,248 ft=o,86< m 


Cerros de Canupa 
















CenoCoyumirhe 


Bolivia 


5,838 


21*17 


6758" 


260-75 


n.a 


ONC: 19,324 n =o,890 m 




Bolivia 


5,880 


2r2»' 


68 06" 


250-75 


n.a 




Cerro Tapaquilcha 


Bolivia 


5,765 


•i.vsx 


67=56' 


260-75 


n.a 




Cerro A>wrs Calientes 


Bolivia 
Chile 


5,765 
6,046 


21 "36' 
21*33' 


67'57 
68=32" 


250-75 
250-75 


n.a. 
n.a 






Chile 


5,957 


2139' 


6ff=24 


250-75 


n.a 






Chile 


6,063 


21*54' 


68=24' 


250-75 


6 in 
I960(?) 


ONC: 20,210 ft =6. 160 m 


\oIchh Ssn Pablo 


Chile 


6.118 


21*53' 


68*21' 


250-75 


11 a. 


Twin volcano of Volcan San 
Pedro 




Chile 


5,940 


22 I W4' 


68=14" 


260-75 


n.a 


■ ... — m i\ n • f ten 

unc : ib.ooo n=o,you m 


CnrodH Leow 


Chile 


5,771 


2209' 


68'07 


250-75 


n.a 




Cora de Tocorpuri 


Bolivia, Chile 


5,833 


22=26' 


67=54" 


250-76 


Solfatari 


ONC: 6,765 m (a misprint?) 


Vol.-an IVilar 

Cerro Pajonales 


Chile 
Chile 


6,225 
5,968 


2412' 
24=15' 


68 03 
68*07 


250-77 
250-77 


n.a 
n.a 


ONC: 20,420 fl =6,244 m 


CerrfiAVdcAn Uullalllaro 


Argentina, Chile 


6,723 


24 43' 


earn 


250-77 


3 in 1577 


ONC: 22,060 ft=6,724 m 


Cerro Minique 


Chile 


5,916 


23'49' 


67=45' 


249- 77. 

250- 77 


n.a 


ONC: 19,450 ft =5.928 m 


Cerro Anwar 


Argentina 


6,080 


24=17' 


67*47 


249-77 


n.a 


ONC: 19,950 fl =6,081 m 


Xevado de Chani 


Argentina 


5,803 (ONC) 


24=04' 


65=45 


248-77 


n.a 


OA1C: 6,200 m 


Cerro (Juironcollo, — . 


Argentina 


6,130 (ONC) 


24' 18' 


66*44' 


249-77 


n.a 




Nevado tie Acay 


Argentina 


5,886 (ONC) 


24 25' 


66=40' 


248-77 


n.a 


OAIC: 5,950 m 


t'ruutmed 


Argentina 


6,047 (ONC) 


24 W 


66*37' 


249-77 


n.a 




Nevados de Cachi 


Argentina 


6,380 (ONC) 


24 '56' 


66=23' 


219-77 


n.a 




Volcjm Aiit..r»IUi 


Argentina 


6,440 (ONC) 


25 33 


6753' 


249-78 






Cerro Galan 


Argentina 


0,1 14 (ONC) 


25 53' 


67=05 


219-78 


n.a 


OAIC: 6,600 m 


Unnamed 


Argentina 


~fi.000(ONC) 


25 58' 


66*55' 


249-78 


n.a 




Cerro Laguna Blanca 


Argentina 


6.19 1 (ONC) 


26=32' 


67=04' 


219-78 


n.a 




Sierra Nevada de Lagunas 

HrnvjM 1 ("11 lilt in> H<<1 1 jttuin 


Ardpfit inn 


6,'tOO 


26=29' 




219-78, 
250-78 


n.fL 


ONC- >Q 750 ft -6 :125 m 


Cerro El Condor 




6,300 


2fi"38' 


68=21' 


249- 78, 

250- 78. 
249-79 


n.a 


ONC:21 ( 4"»f>=4VV12m 


Cerro Ermitano 


Chile 


6.110 


20=47' 


68=36' 


249-79 


n.a 


ONC: 20,300 fl=6, 187 m 
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Mountain ur vokarfiu nanw (altemale 
.ian*)Ar^nun*VhU<' 




Uevalton 
(mrtenO 


latitude 


LoiyOtude 




.luniwr <n 

andl«t 
enj|rtioiH*l 


Kemark* 


Cenro/Nevado «k- San 


Argentina. Chile 


0.005 


26*5.7 


08=16' 


249-70 


rut 






Argentina. Chile 


6.610 


27-02 


68=18 


249-79 


rta. 


ONC: 22,010 fU6.708m 


Cerro/Nevndo El Kraik- 


Argentina, Chile 


6.044 


2703' 


68' 23' 


240-70 


n-a. 


CI*: 6.060 111 


Cerro/Nevado El Miierto 


Argentina, Chile 


6,478 


27 03 


08=29- 


249-70 


iua. 


CP: 0,470 m 


Cerro/Nevado Ojos del Salado 
Norte 


Argentina, Chile 


6jm 


27t)7 


tio 32 


249-70 


Hi 


CP: 6.880 m, 
ONC: 23,240 ft =7,083 m: 
OA1C: 6,900 in 


Cerro/Nevado Ojos del Salado 


Argentina, Chile 


6.660 (CP) 


27° 12' 


68=34 


249-79 


n_». 




Cemxk-I Nartmlenlo 




6.403 


2? 17 


«8";M' 


249-70 


n.a 


ONC: 21,300 fl-6,492m 


Cerro/Nevado Tres Cruees 




6.330 


27*06' 


orir 


219-79 


na. 


ONC: 22.270 fU6.788 m; 
OA1C: 6.356 m 


Nevado Ptosis 

Ceiro Bonete 


Argentina, Chile 

Argentina 

Argentina 


6.250 

6.& r >8 (ONC) 
6.714 (ONC) 


27*' 18' 
27'47' 
28=01' 


68-4<r 
08 47 
68=46 


240-70 

249-79 
249-79 


n.a. 
n_a 
rta 


Mercer (1067): 6.410 m. 
OAK': 6,872 m 


Nevado de Acontpiija 


Argentina 


5.550 (ono 


2ri:r 


(if. ft'. 


248-79 


n-a 




Nevado de Famatina 




6JJ51 (ONC) 


29=01 


07=50' 


249-80 


n a. 


OAIC: 6,421 m 


Cetro El/del Pulro 


Argentina, Chik- 


5.830 


28=23 


69=37 


250-80 


n_a 


ONC: 19,080 ft=5,8l6 m 


Cem> Canlarltoi* 


Chile 


5,5»o 


2832 


6t»'43 


250-80 


n.a. 


ONC: I8,:«0 ft-5,506 m 


Nevados de Tambilkn 


Argentina, Chile 


5.630 


28=58 


efrw 


250-80 


iua. 


ONC: 18,460 ft =5,027 m; 
OAIC: 5.547 m 




Argentina, Chile 
Argentina, Chile 


0,380 


29- w 


60'47 


250-80 


na. 


ONC: 10,490 ft-5.940 in 


I'nnamed 


5.440 


2» ; ir 


7000 


250-80 


n.a 


ONC: 18,l80fU5,54l m 


Cordillera de la Ortiga, Norte 


Argentina 


5.7HO 


29=16 


60=48' 


250-80 


tua 


ONC: 18,530 fU5.648 m: 
OAK": 6.050 m 




Argentina 


6,020 (OAIC) 


2»=3o- 


60"27 


250-81 


n.a 


ONC: 19,780 fU6,029m 


Crnu Dona Ana. . 


Chile 


5,000 


29=40' 


70"06' 


250-81 


n.a 


ONC: 18,580 (U5.663 m 






6,323 


2JT56- 


60=53' 


250-81 


n a. 


ONC: 20,030 ft -6.105 m 


(Vmi de ThnariVK?) 


Argentina, Chile 


5,!)15 


:wor 


60"57 


250-81 


n.a 


IGMC 5.820 m 




Argentina 


5,602 (ONC) 


S)'i:r 


60"40 


250-81 


n.a 






Argentina, Chile 


6,252 


.WIT 


60=54' 


250-81 


n_a. 


ONC: 20,330 fUC.107 ni 






6,215 (OAIC) 


30=25 


60'47 


250-81 


na, 


ONC: 20,270 fl=6.178m 


<>rro San Lnmua 




r.,570 


.W2S- 


WW 


250-81 


na 


ONC: 18,150 ft- 5,532 m 


CerrodelVolcan 


Chile 


5.510 


30>=30- 


70=16 


250-81 


n.a 


OAK : 5,540 m 
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Central Andes (Between Lat 31° and 35°S.) 



As mentioned earlier, the CeiUnil Andes have large glaciers covering 
about 2,200 kru^, but very few people liave ever come close to them. In spite 
of the proximity of the city of Santiago, the Central Andes haw virtually no 
inhabitants (the large Maipo valley being an exception) and very few roads. 
Hiring mules has become very expensive. Unless a helicopter is chartered, a 
visit to the CerroA'olcan Tupungatito, perhaps the most picturesque journey 
in the Central Andes, requires 8 days, with (> of those days on muleback fol- 
lowing a sometimes giddy and dangerous track along the Rfo Colorado. On 
the Argentine side, the glaciers are even farther from any road. 

The two best Landsat MSS images thai cover the Cordillera Central are 
reproduced in figures 9 and 10. From the images, a sketch map of the Cerro 
(Volenti) Tupungato-Nevado de los Piuquenes area has been drawn (fig. 1 1); 
the sketch map improves upon the information included in the 1:150,000- 
scale map published by Lliboutry (195fi). A cross section of the same area is 
given in figure 6. Some of the major advances to the glaciological and geo- 
grapliical knowledge of the region gained from the Landsat images are pro- 
vided in the following paragraph. 

Glaciar de los Polacos on the east slope of Cerro Aconcagua, at the head of 
Arroyo Relineho, is much broader and longer Hum previously suspected, toith 
a length of 5.6 km (fig. 9, no. Cordillera del Ttgre lias much more complex 
topography tlian is depicted on Argentine cliarts Glaciers of the Cord6n del 
Plata are much more important than realized by Mercer (1967, p. 100); the 
main glacier is 8 km long. Bast of Cerro Marmolejo (fig. 9), a debris-covered 
glacier exists at the head of Arroyo t'iedras Negraft. Arroyo Ins Plornns 
does not come from Cerro Marmolejo. Meltwater from the large debris-cov- 
ered glacier east-northeast of Cerro Marmolejo drains through Arroyo Bar- 
roso instead. Lastly, the east glacier of Cerro Marmolejo, at the head of 
Arroyo Rarroso, is much longer than previously thought; it is about 10 km 
long. On the east slope of Volcan San Josf* the two bare glacier tongues are in 
fact linked and continue as a debris-covered glacier until 9 km from t he cra- 
ter (fig. 10). Just south of Volcan Maipo, Cerro LLstado (4,850 m) contains 
several glaciers; the main one is m the drainage basin of Rio Bai/o. Its ice 
cover is similar to the one of Nevado de Arhuelles (4,840 m), just north of 
Volcan Maipo. 

Glaciers of the Central Andes can be quite large for such moderate lati- 
tudes, sometimes as much as 14 km long. Some of them, such as the ones on 
the plateau that gently descends from 4,700 in to 3,800 m at the head of Rfo 
Olivares (see southwestern part of fig. 9 for general location), have no cover 
of morainie debris along nearly their entire length. But many other glaciers 
have morainie cover in their lower part or sometimes over almost their entire 
length, such as Glaciar Horcones Inferior (no 4 south of Cerro Aconcagua in 
fig. 9). Glaciar del Tnnnydn (see fig. 12), or Glaciar Cachapoal (south of 
Picas del Rarmst)) (central part of lig. 10 and fig. 13). In the standard false- 
color satellite images, the debris-covered glaciers appear as dark green (not 
to be confused with the lighter green of large thalwegs without vegetation). 
Where the morainie debris-cover consists only of rocky blocks, as at the ter- 
minus on the right side of Glaciar Universidad (hit 34°4<)'S.. fig. 10), the false 
color appears as dark blue. 

Mercer (1967). in his "Southern Hemisphere Glacier Atlas," gathered all 
the available information on the glaciers in South America. However, the 
information derived from individuals who have little knowledge of glaciers 
must be used with caution because, in general, they do not recognize debris- 
covered glaciers as glaciers. Kor instance, they did not realize that the huge 
field of rubble at the head of Rio Cachapoal is actually a debris-covered jui- 
cier. 12 km long, the longest one on the Chilean side of the (.'entral .[titles 
(tig. 13) (see west edge of fig. 10 for general location). 
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Figure 9.— Annotated Landsat MSS false-color composite image 
12418-13414, bands 4, 5, and 7; 15 March 1976; Path 249, Row 83) of the 
Central Andes fcerween Santiago and Mendoza from Cerro Aconcagua to 
Volcan San Jose. Landsat image is from the EROS Data Center, Sioux Falls, 
S. Dak. The following glaciers are indicated by numbers: 



1, Glaciar de las Vacas 

2, Glaciar Gussfeldt 

3, Glaciar de los Polacos 

4, Glaciar Horcones Inferior 

5, Glaciar Alto del Rio Plomo 

6, Glaciar Bajo del Rio Plomo 

7, Glaciar Juncal E-2 



8, Glaciar Juncal Norte 

9, Glaciar Juncal Sud 

10, Glaciar Olivares Gamma 

11, Glaciar Olivares Beta 

12, Glaciar Olivares Alfa 

13, Glaciar Esmeralda 

14, Glaciar Nieves Negras Chileno 
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Figure 10.— Annotated Landsat MSS false-color composite image 
(2418-13420. bands 4, 5. and 7; 15 March 1976; Path 249, Row 84) of the 
Central Andes. The area covered is just to the south of figure 9. Abbrevia- 
tions: Co., Cerro. mountain: Nov., Nevado, snow and lor) ice-capped moun- 
tain; R„ Rio; Vn., Volcan. Landsat image is from the EROS Data Center, Sioux 
Falls, S. Dak. 
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Figure ll. — Cerro No\can) Tupungato-Nevado de los Piuquenes 
area in the Central Andes, 50-85 km east of Santiago. Features 
have bean delineated on the basis of published maps and analy- 
sis ofLandsat images. The area shown by the small "v" pattern is 
a lava field erupted from CerroA/olcan Tupungatito. Glaciers are 
shown in green, and the dotted areas are debris-covered glaciers 
or rock glaciers. The thick gray lines show ridgelines, the 
hachured gray lines show cliffs or depressions. The map projec- 
tion is the same as the one for Landsat image 2022-13455 113 
February 1975: Path 249, Row 83). The coordinates are inferred 
from Paso de Las Pircas, Portezuelo del Tupungato, and Portezu- 
elo de/Paso Piuquenes as given in Carta Nacional (scale 
1 500,000. Instituto Geografico Militar de Chile), although with 



such a map projection, the scale can only be approximate. Eleva- 
tions are from several different sources and are derived from Lli- 
boutry's 1:150.000-scale map ILIiboutry, 1956). The border 
between Chile and Argentina follows the main ridgeline I*** 
where ridgeline is not continuous). Names in italics and names 
enclosed in quotation marks are names that are not listed in the 
gazetteers for Argentina (U.S. Board on Geographic Names, 
1992a) and Chile (U.S. Board on Geographic Names, 1967. 1992c). 
Abbreviations: Co., Cerro, mountain; Nov., Nevado, snow- and 
(or) ice-capped mountain: E., Estero. creek (in Chile); and A., 
Arroyo, creek (in Argentina); and O., Quebrada. creek. Paso is a 
cross-border pass and mule track; Pzo., Portezuelo. is any other 
pass 
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Figure 12. — Vertical aerial photograph of glaciers at the head of 
Rto Tunuyin (from IFTA, 1973). The very long (20.2 km) glacier 
shown south of Ceno (Voicing Tupungato on Uiboutry's 
1:1SO,000-scale map (Lliboutry, 1956) is. in fact, formed by three 
successive glaciers: (1) Glacier Sur del Tupungato, which enters 
at the upper right-hand corner of the photograph; (2) an 
unnamed glacier located between Nevado sin Nombre (6,000 m) 
(just off the top of the photograph) and Cerro Alto (6, 111 m) (off 
bottom left of photograph), which contains a large neve; and (3) 



a glacier located in a deep cirque between Cairo Alto and 
Nevado de los Piuquenes (6,017 m) (see fig. 11) that may be 
named Glaciar del Tunuyan. The two latter glaciers are heavily 
debris-covered and contain small supraglacier lakes and a dis- 
tinct thermokarst facias (note especially the course of the creeks 
flowing from the west). In the unnamed glacier, festooned areas 
of bare glacier ice show the diagnostic evidence of surge behav- 
ior. 
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Figure 13. — Glaciar Cachapoal. the largest 
debris-covered glacier in Chile, is 12 km 
long. The glacier is entirely covered with 
debris that is indistinguishable from its left 
margin. The rocky wall in the background 
of the photograph marks the border 
between Chile and Argentina. The fore- 
ground is at an elevation of about 2,400 m. 
The mountain around which Glaciar 



Cachapoal flows is 4,500 m high. 



At the foot of rock walls, "ice-debris glacierets" commonly are found, 
where a new layer of ice forms most winters, and a layer of rubble falls 
down (or appears at the surface) each summer. In many glacier tongues, 
clean ice is superimposed on a very thick layer of dragged and sheared 
debris-layered ice. The latter may have been either a frozen soft bed (per- 
mafrost) or an "ice-debris glacicret," but in bot h cases, it has been dragged 
and sheared during a glacier advance or a glacier surge (Lliboutry, 1954a, 
195(5, 19(55, 198(5). Near Ihe terminus, where melting reaches the lower 
debris-laden layer, a thick ablation moraine forms. 

Where ice has melted (see the section on "Rock Glaciers" below), a con- 
tinuum (all intermediate cases are possible) exists between a debris-cov- 
ered glacier, an ice-debris glacier, and a rock glacier. It is possible to make 
separate inventories of glaciers (covered or not) on the one hand and of 
rock glaciers (with or without some ice included) on the other hand. For 
this reason, all young rock glaciers are listed in the glacier inventories. Con- 
sequently, in table 7, the area of covered glaciers is overestimated. 

The first glacier inventory, based on sketches drawn by Chilean rnitlnn- 
stos (mountaineers), personal exploration, and Trimctrogon aerial photo- 
graphs, is found in Lliboutry (195(5). Glacier inventories based on the 
Chilean aerial photographic coverage of 1955-56 have been made by C. 
Marangunic (basins of Rio del Plomo and Rio Cachapoal) and by G. Casassa 
(Chile). Glacier inventories based on the Argentine aerial photograpluc 
coverage of 1980-81 have been made by C. Aguado (Rfo de los Palos 
basin), by L. Espiziia (most of Rio Mendoza and Rio Tunuyan basins), and 
by D. Cobos (Rio Atuel basin). Except for the inventory available in Corte 
and Espiziia (1981), all these inventories remain unpublished. 



Rock Glaciers 

By Arturo E. Corte 4 

A rock glacier is defined by Jackson (1997, p. 554) as "a mass of poorly 
sorted angular boulders and fine material, with interstitial ice a meter or so 
below the surface (iee-eemented) or containing a buried ice glacier (ice- 
cored). It occurs in high mountains in a permafrost area, and is derived from 
a cirque wall or other steep cliff." [Lliboutry (written commun., 1997) does 
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Table 7, — Tbtal glarirrarva in Ihr Central Andes 

IGwn ,n wi' kili«~l.T» Dm, f„r mil* fern YaMm 1 IBM 1 **. fi» Vtrmiw. ft™. fepiat. ami Mftiarit. 1 1«H|)| 
Location Iwwww) Cwrml Total 



Chile 



Basin of Rio Aroncapm 




-70 


-152 


Kio Maipo 


257.5 


164.6 


422.1 


Rio Cachapoal 


175.3 


4fi.fi 


221.0 


Rio Ttngukrirk-a 




:>2 


10154 






-290 


-902 




Argentina 








MO 


206 


346 




m 


■m 


067 


Rio TunuyAn 




87 


144 


Rio AU»H 




38 


186 




Subtotal WD 


604 


1.343 




Toud -1,261 




-2.245 



not agree with tliis definition. Me notes that old rock glaciers have no ice at 
depth; young ones may reach an elevation where permafrost is absent. The 
main characteristic is to appear like a mountain glacier and to show signs of 
How.) A survey of the literature suggests that rock glaciers can be classified 
by genetic groups. Seven rock-glacier types are suggested that are created 
from four genetic groups (fig. 144) (Giardino and others, 1987). A taxonomic 
classification of active rock glaciers is shown in figure 14/3. In Argentina and 
Chile, the term rock glacier is used to describe a scries of ice bodies covered 
with debris that are produced by different processes. At one end of the series 
are the primary type of rock glaciers, those that are formed below snow- and 
debris-avalanche chutes (fig. 15). Al the other end of the series are glaciers 
that have varying amounts of surface debris (fig. 12). Between these two 
extremes is a range of various morphological types of ice-and-debris bodies 
However, both Louis Lliboutry and the author, following the concept of 
French niorphologists concerning "pattern convergence," conclude that no 
matter what the origin of rock glaciers, they will tend to produce the same 
pattern if t he climate, rock type, exposure, and cryogenic processes involved 
are similar (IJiboutry, 1956, 1961, 1965. 198<i, 1990a, b). The main pattern 
consists of arched rolls (rig. Hi). In the furrows, meltwater has washed down 
the silt, and squeezed clasts lie on the edge. In certain areas of the Dry 
Andes, where glaciers do not surge, glaciers covered by debris can contain 
up to four facies: (1) nondebris-covered ice, (2) thennokarst, (3) structural 
debris, and (4) inactive debris-covered ice. Some glaciers of the last type 
have been found to contain fossil ice tltat is a relict feature of a past colder 
climate during the Holocene (Corte, 1980). The different facies are present 
in different proportions on different glaciers. The Olaciar Sur del Tupungato 
is noted for a very large area of thennokarst features that is 9 3 km long and 
900 m wide. Figure 12 illustrates the thennokarst facies of Glaciar Sur del 
Tupungato as seen from the air. 

In other areas of the Dry Amies where surging glaciers are observed, it is 
possible to recognize some, like the Glaciar Grande del Nevado in the Rio del 
F'lomo basin, that reach old rock glaciers (Corte, 1976). Other glaciers that 
could be surging glaciers intercept (Glaciar del Ttgre) or overtop (Glaciar del 
Plata) older nx-k glaciers. This is also visible in the Cerro Men edario area 
(fig. 17). Fader such conditions, the four glacier facies above are absent, iso- 
lated, or superimposed. 
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A, Rock Glacier Systems 
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B, Taxonomic Classification of Active Rock Glaciers 

1. Source of incorporated material 



Talus 



<NO> 



(YES) 
1.1 Talus rock glacier 
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I 

(yes) 



2 



2.1 



1.2 Debris roc* glacier 



2.2 
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Figure 14. -Classification of 
rock-glacier systems as sug- 
gested by A.E. Cone from 
Giardino and others (1987). 
A, Rock glacier systems, B, 
Taxonomic classification of 
active rock glaciers. Abbrevi- 
ation; incl., including. 
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Figure 15. — Tres Dedos rock 
glacier in the Cerro Acon- 
cagua group seen from the 
south. Photograph by A.E. 
Corte taken in 1977. 





Figure 16. — Rock glaciers at the head of 
Rio Blanco (Provincia de Aconcagua, 
Chile) between about 4.600 m and 4,000 
m. The upper part of Glaciar Olivares Alfa 
can be seen in the upper left-hand corner. 
Remnants of winter snow in the hollows 
enhance the arched rolls and pattern of 
flow. The general location of the Rio 
Blanco area can be seen in figure 9 (north 
of number 12). Photograph by Louis Ui- 
boutry taken on 28 January 1953. 



The continental climate, intense frost shattering, and steep topogra- 
phy of the Central Andes combined with low precipitation (about 600 
mm a"') produce ideal conditions for the development of numerous 
rock glaciers of different types. In the central high Andes, the area 
around Cerro (Volcdn )Tupungato and Cerro Aconcagua (6,550 m and 
6,959 m, respectively; see fig. 2) is the region of the greatest develop- 
ment of both debris-covered and nondebris-covered glaciers in the Dry 
Andes. This region, within a 200-km radius centering on Cerro Acon- 
cagua, includes the Cerro Mercedario (fig. 17), del Plata, and del I'lomo 
regions. The inventory of glaciers in the Mendoza basin of the Central 
Andes shows that uncovered and debris-covered glaciers and rock gla- 
ciers have a similar areal extent (303 and 340 km 2 , respectively) (Corte 
and Espizua, 1981) (fig. 18). 

In the more northerly part of the dry Desert Andes, around Nevada 
de Acay (lat 24°25'S.), small rock glaciers exist that are related to ava- 
lanche activity. Such rock glaciers are produced by the accumulation of 
avalanche and debris material generated by summer storms (Igarzabal, 
1981) and are located in cirques formed during glaciation in the Pleis- 
tocene Kpoch. These rock glaciers are important sources of irrigation 
waters for the aboriginal Inca communities. Nevado de Famatina (lat 
29°0l'S.) farther to the south has similar conditions and might contain 
similar types of glaciers, but field data are unavailable for this region. 

In the most southerly part of the Dry Andes, a region that receives 
about 800 mm of precipitation annually, debris-covered glaciers exist 
but in a much smaller proportion than in the Cerro Aconcagua area. The 
Inventory of the Rio Atuel glaciers (Cobos, 1981) (see central part of fig. 
10). representative of this area, listed 80 percent of the glaciers as non- 
debris-covered and 20 percent as debris-covered glaciers. Although not 
as common, debris-covered glaciers exist farther south in the Wet 
Andes. Glaciar Casa Pangue, on the west slope of Monte/Cerro Tronador 
(fig. 2), was found to have 50-cm-deep debris at elevations of 800-850 m 
(Sigfrido Rubulis, personal commun.). 
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Figure 17— Vertical aerial photograph of glaciers on the southeast side of 
Cerro Mercedario (6,700 m). Note the north arrow. In the upper middle, a 
hanging glacier flowing from Pico Polaco becomes a valley glacier and 
merges with a shorter glacier flowing from Cerro Mercedario Hat 32° S.). At 
their termini, Arroyo Colorado has its source, after which the creek forces its 
way across, along, or through rock glaciers and remnants of old surges. 
Toward the bottom right-hand comer of the photograph, a small, steep, 
debris-covered glacier ends in several small tongues that can be considered 
to be rock glaciers. They are superimposed on a broad lobe of drift that 
crosses the valley; it is probably an older rock glacier. At the bottom right- 
hand corner, shoulders of scree above the valley probably contain buried 
glacier ice. They may be called "buried avalanche glacierets." which will 
eventually evolve into true rock glaciers. 



> Figure 18. — Mendoza basin in Argentina 
west of Cerro Aconcagua (fig. 9) showing 
the location of glaciers, ice-cored 
moraines, rock glaciers, and thermokarst 
features. Numbers refer to a map pre- 
pared by LE. Espizua. Stream IJA11854 
flows into Quebrada de los Horcones at 
the west foot of Aconcagua. Stream 
IJA1184 flows into Quebrada Matienzo 
along the border. 
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Surging Glaciers in the Central Andes 

Because alinosi all the glaciers of the Central Andes end in rock glaciers 
or ice-cored moraines, the precise determination of glacier termini and 
their monitoring on an annual basis, as asked for by the World Glacier Mon- 
itoring Service, is an impossible task. Notwithstanding, from time to time, 
some glaciers of the ('entail Andes advance by several kilometers in less 
than 1 year. This phenomenon is well documented in Alaska, Tadjikistan, 
and Svalbard and is called a surge (Raymond, 15187). Surges can be 
detected and followed by using satellite imagery. 

Surging glaciers have been reported in Uiboiitry (1956) for Glaciar 
Nieves Negras Chileno (southwest of Volcan San Jose; see no. 14 in fig. 9) 
in 1927, Glaciar del Rio in 1935, and Glaciar Juncal Sud (no. 9 in fig. 9) in 
1947. The volume of ice that was discharged by this last surge is of the 
same order of magnitude as the excess of accumulation during the period 
1898 to 1905. when 6 out of 8 years were wet in Santiago. We may add the 
west tributary of Glaciar Universidad as surging in 1944-45 (LUboutry. 
1958), although this glacier is temperate in its lower part because, at lat 
34*409., fhe climate is wetter. It is located in the transitional area between 
the l)ru Andes and the Wet Andes, where snow and (or) ice penitents are 
not found. 

Satellite imagery makes it possible to infer the existence of surging gla- 
ciers because medial moraines of surging glaciers are contorted into sinu- 
ous patterns, a telltale sign of a surging glacier. This is the case for a glacier 
east of Cerro Polleras (at the head of Arroyo Desmochado) (see center of 
fig. 9), for the east glacier of Cerro Marmolejo (that gives rise to Anx>yo 
Barroso) (see bottom of fig. 9), and for the unnamed glacier east-northeast 
of Cerro Alto. In the last case, a photograph taken by Luis Krahl from Cerro 
Alto in 1946 (fig. 19; compare also with fig. 12) seems to indicate that the 
main glacier was surging at that time. Nearby, the east glacier of Nevado de 
los Piuquenes was found to be surging in January 1997 (A. Aristarain, oral 
commun.). This very interesting area is in Argentina, hut its access is much 
easier from Chile, where a road ends 2fj km away. 

A surging glacier may dam a river and create an ephemeral lake. This has 
been the case for Rfo del Homo, a river thai drains the most heavily glaci- 
ated area of the Argentine Centred Andes (central part of fig. 9). (This 
river is a tributary of the Rfo Tupungato, but it discharges more water than 
the latfer at their confluence. In the same way, Rio Tupungato is a tributary 
of Rio Mendoza, although it discharges more water at their confluence. In 
former times, the name of a river was maintained upstream along the most 
frequented track, without consideration of the discharge. In case of doubt, 
confluent rivers were each named differently from the one downstream.) 

Rfo del I'lomo has been dammed at least three times by Glaciar Grande 
del Nevado (fig. 20). This glacier originates in a large cirque on the south- 
east side of Nevado del/el I'lomo (6,050 m). It then flows from 4,500 m to 
3,500 m over a distance of more than 5 km and is covered by an ablation 
moraine. Along its course, it receives a tributary from Cerro Risopatron, 
improperly called Glaciar Pequefio (small) del Nevado. To dam Rfo del 
Plomo. Glaciar Grande del Nevado must advance down to 3,200 m and 
make contact with an outcrop of polished rock (Roca Pulida) on the east 
bank of Rfo del Plomo. 

The first known flood due to the rupture of such a dam happened on 2 
January 1788. The lake had existed in February 1786 according to the 
historian Pricto ( 1986) This conscientious historian did not find a record 
of any similar event during the 19th century Therefore, the flood of 10 
January 1934, which destroyed bridges and 12.6 km of railroad along Rio 
Mendoza, was quite a surprise (Helbling, 1935). Inspection of the site 
showed that Glaciar del Nevado had advanced 900 ni since its last 
inspection, 22 years before. It had produced a lake 3 km long, with a 
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Figure 19. — View from the summit of Cerro 
Alto 16.111 m) looking to the east-north- 
east. Photographed by Luis Krahl on 20 
January 1946 during the first ascent of the 
mountain. Compare with the vertical aerial 
photograph (fig. 12). Much more bare gla- 
cier ice can be noted in 1946 between the 
looped moraines of the unnamed glacier 
than in 1973, which denotes the recent- 
ness of a surge. 
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Figure 20.— Origin of the disastrous flood of 1934 (see text). The 
vertical aerial photograph (from IFTA, 1973) shows the Rio del 
Plomo valley on the right (about 3, 100 m asl). At the upper right- 
hand corner of the photograph is the lower end of Glaciar Orien- 
tal del Juncal No. 2, as named by R. Helbling. (The name is 
abbreviated to Glaciar Juncal E-2. Numbers 1 and 2 are reversed 
in the map by Lliboutry, 1956). At the upper left of the photograph 
is Glaciar Juncal E-1; below it, a white glacier has two tongues 
(Alfa and Beta), and another has a debris-covered gray tongue 



(Gamma). Nevado del/el Plomo (6,050 m) appears on the left in 
the central part of the photograph. From the cirque flows Glaciar 
Grande del Nevado, its heavily debris-covered terminus ending 
about 2 km from Rio del Plomo. Helbling surveyed the region in 
1919. At that time, Glaciar Beta and Glaciar Gamma joined Gla- 
ciar Juncal E-1, which, in turn, joined Glaciar Juncal E-2, the lat- 
ter being 3 km longer than at present. Glaciar Grande del Nevado 
reached Rio del Plomo, and tongues of drift attest to this older 
position of the glacier. 
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maximum depth of 75 m. Clean white ice overt hrusted the old moraine. 
The duration of the advance was unknown and controversial (Espizua, 
1986). 

Pertinent Ltndsat MSS and Thematic Mapper (TM) imagery has been 
studied by Espizua and Bengochea (1990) in order to monitor recent move- 
ment. It shows that from March 1976 to 16 February 1984, Glaciar del 
Nevado was covered with debris and ended 2.7 km west of Rora l l ulida. 
On an image 0 f 4 April 1984, the glacier terminus was free of snpraglacier 
drift and had advanced 500 m. Thus, in less than 48 days, the upper part of 
Glaciar del Nevado had overthrust the lower part It shows thai the friction 
coefficient of ice over debris-covered ice is only about 0.2. 

On a 26 August 1984 image, Glaciar del Nevado had advanced 2 km far- 
ther and was only 150 m from Roca Pulida. No further advance is seen on a 
13 October 1984 image. Contact with Roca Pulida hapi>ened between 22 
October and 14 November 1984, and the lake began to form some days 
later. On 9 January' 1985, the lake had reached 2.8 km in length and 1 1 km 
in width. The potential hazard raised concern by the authorities, but this 
time, the lake emptied progressively by liaving peak discharges on 13-15 
and 22 February 1985 and on 13 March 1985. 

Also in 1984, Glaciar Horcones Inferior (no. 4 in fig. 9), on the south face 
of Cerro Aconcagua, surged. Given the frequent transit of this valley by 
groups climbing Cerro Aconcagua, we can be certain that this glacier had 
not surged during the 20th century 

With the exception or these surges, which are not a common rule, the 
glaciers of the Central Amies have been strongly receding in recent times. 
Glaciar Olivares Beta (no. 11 in fig. 9) receded by almost 1 km between 
1956 and 1976. In the upper Rio del Plomo valley, a comparison of the sur- 
vey by Helbling in 1919 with the aerial view taken in 1973 (fig. 20) and a 
Landsat image acquired in 1976 (fig. 9) shows that , in 1919, Glaciar Alto del 
Rfo Plomo and Glaciar Bajo del Rio Plomo (nos. 5 and 6 in fig. 9) joined Gla- 
ciar Juncal K-2 (no. 7 in fig. 9) to form a single valley glacier 16.7 km long. 
Today, a large gap exists between them. However, because Rio del Plomo is 
flowing freely along the west side of Glaciar Juncal E-2 (Glaciar Oriental 
del Juncal No. 2), no dangerous lake should form there (fig 20). 

Old Glaciatlons in the Central Andes 

"U-shaped" valleys and moderate subaerial erosion prove that the inner 
parts of the Dry Andes south of Cerro Aconcagua have been covered with 
ice several times in the past, The limits of this heavily glaciat ed area can be 
observed on Landsat imagery. However, remote sensing from space (or 
from the air) does not provide evidence for the extension of past glaciers, 
in particular those that, in more ancient, times, should have reached the 
Central Valley of Chile. The three reasons for this are 

(1 ) As observed in very high semiarid regions of Central Andes, these gla- 
ciers were heavily covered and did not leave clear tenturial moraines. 

(2) The glaciers flowed in the middle of the valleys without modifying their 
transversal profiles, so the valleys kept their "V-shape " 

(3) The glaciers transported older deposits, which commonly makes it dif- 
ficult to infer their age by dating interbedded tephra layers. Moreover, 
tephra deposits have been remobilized and transport ed by lahars more 
often than by glaciers (Lliboutry, 1956, p. 419-421). A large arcuate 
string of springs and ponds where the R(o Atuel opens into the pampa, 
very noticeable on Landsat MSS images (see fig. 10), is the limit of the 
permeable material deposited by some unknown lahar and is not a 
morainicarc (Lliboutry, 1992). 
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In the field along the Argentine Rio Mendoza and the Chilean Rio Junta] - 
Aconcagua, wluch flow in opposite directions, the following morainic sys- 
tems liave been recognized (Caviedes and Paskoff, 1975; Espiziia, 1993): 



Chilean side 
Portillo (2.650 m) 
Ojosde Agua (2,100 m) 
Gnardia Vieja (1,600 m) 



Argentine side 
Horconcs (2,750 m) 
Pcnitcntes (2,500 m) 
Pnnta do Vacas (2,350 m) 



Salto del Soldado ( 1 ,300 m) I Jspallata (1 ,870 m) 

Today, large glaciers in the region flow down to 3,000-13,600 m on the 
Chilean side and down to 3,200-3,800 ni on the Argentine side. The lowest, 
oldest moraines should correspond in the Rio Maipo drainage basin (south- 
western part of fig. 9) to moraines at 1,400-1,800 m, in particular the huge 
moraine in the Rio Yeso valley studied by Marangunic and Tliiele (1971) 
(south-central part of fig. 9). 

According to Espiziia (1993), the glacial drift of the Uspallata morainic 
system is older than 360 ka (10 :i years), Therefore, a moraine that has 
abundant pumice and was deposited by a piedmont glacier at Pudahuel 
(Santiago airport, 600 m) should be even older. It might have been depos- 
ited at 1.2 Ma ( 10 h years), the time of the largest glaciation in Patagonia. At 
the Santiago site, the moraine has been covered by fluvial sediments. Cor- 
ings reveal other fluvial sediments below the pumice moraine and, below 
that, very old and altered glacial drift. We speculate that this altered drift 
may be of the same age (3.5 Ma) as the glacial drift discovered by Mercer 
and Sutter (1982) in Patagonia. 

Kulue (1985) found erratic boulders 7.5 km upstream from Punta de 
Vacas at 3,620 in, 1,020 m above the bottom of the valley. If they were 
deposited by the glacier ending at Uspallata. 51 km downstream, the mean 
surface slope of this "Ice Age" glacier would have been 3. 13 percent. It was 
surrounded by summits 800 m higher These figures are very similar to the 
ones for the Batura Glacier (Karakoram, Pakistan), which has been thor- 
oughly studied by a Chinese group (Batura Glacier Investigation Group, 
1976, 1980). The ablation zone of the Batura Glacier is a valley glacier 43.5 
km long that has a mean slope of 3.55 percent. Therefore, we may assume 
similar balances and temperatures. The I Ispallata Glacier probably had an 
ELA at about 4,000 m (instead of the present 5,000- m ELA in this area). In 
fact, it was less than 4,000 m because of the subsequent uplift of the Andes 
Mountains by several hundred meters. At that elevation, the mean air tem- 
perature was about -5°C. and the mean precipitation over the glacier was 
the equivalent of about 1.35 m of water per year, a value that is now 
reached 200-250 km farther to the south. Thus, contrary to Kulile's asser- 
tion, the lowering of the air temperatures was small and might only have 
compensated for the somewhat lower elevation of the Andes. As already 
suggested by Mere (1965) and by Caviedes and Paskoff (1975), the main 
factor of the "Ice Age" was a northward shift of the rainy province. Lower 
mean temperatures on a global scale might have caused this shift of the 
general atmospheric circulation. 
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Glaciers of the Wet Andes 



By Uuis Uiboutry 1 



Abstract 

In the southern pan of South America in the H-W An,U-s, the mean air temperature at sea 
level decreases progressively from 13 .7 degrees Celsius at latitude 37"23' South to 6 5 degrees 
Celsius at latitude S3 0 10' South, where west winds become almost permanent and very 
strong. Precipitation reaches 4.0 to 4.7 meters per year on the west, windward side of the 
mountains, and 6 to 7.. r > meters per year on the Patagonian ice fields, but it remains very low 
on the east, leeward side. In Patagonia, precipitation Is evenly distributed throughout the 
year, but in summer, it is frequently rainy even on the ice fields 

Between latitude 35° and 4530' South (extended ImKtx Riyimi ), 37 volcanoes have about 
300 square kilometers of glaciers, most of them on the west side of the ice divide South of 
latitude 4 1 " South, cirque glaciers are found as well. South of Latitude 4'» ; 30' South in the Ait- 
agonian Andes a very large number of glaciers are present In addition to three targe ice 
fields: the Northern Patagonian Ice Field (4,200 square kilometers, with 30 outlet glaciers 
[Editor's note: Masamu Aniya inventoried 28 outlet glaciers in 1988 front this l)cki|), the 
Southern Patagnnian Ice Field (13,000 square kilometers, with 48 outlet glaciers of more than 
20 square kilometers in area), and the ice flelcl of Cordillera Darwin in the southwest part of 
Tierra del Fuego (2,300 square kilometers). 

In the 1900V in Patagonia, the time of geographical exploration and of the conquest of vir- 
gin summits is almost over, but glarjological investigations have replaced them Some glacier- 
velocity, mass-balance, and even energy-balance measurements have been made on 4 outlet 
glaciers of the Northern Patagonian Ice Field and 1 1 outlet glaciers of the Southern Palago- 
nian Ice Field. Subglacier topography has been determined along a single east-west profile 
across the Northern Patagonian Ice Field, the elevation of the glacier bed ranges there 
between »S06 meters and -223 meters. Two glaciers Bowing westward, Glaciar San Rafael 
(Northern Patagonian Ice Flrkl) and Glactar Britggen (or Ph XI) (Southern Patagonian Ice 
Field) have Bow velocities near their calling fronts of more than 17 meters per day and 
15.2-36.8 meters per day, respectively Three bands of tephra ejected by Orro (VoUiin) Imu- 
mm are visible on a large part of the Southern Patagonian Ice Field They are the outcrops of 
three layers of tephra within the Ice. 

Patagonian ice fields are temperate. The mean mass balance at l^SW meters on Glaciar 
San Rafael, about 2f» meters above the equilibrium line altitude, was found to be 3 45 meters 
per year (water equivalent ) The main climatic factor providing glacier fluctuation is lite ele- 
vation of the limit between rain and snowfall during every precipitation event. 

Glacier fluctuations in tlx- WW Andr* have been monitored since 194!i hy aerial photo- 
graphic surveys and satellite imagery A general recession has taken place, but different pat- 
terns emerge from one glacier to another. The largest recessions are those of Glaciar 
U'liiggins (12.4 kilometers), which calves into Lago San Martin/O'Higgins. and of Glaciar 
I'psala, which carves into Lago Argentino. An abnormal behavior is the large advance of Gla- 
ciar Brtfggen (Ho XI) into Ptordo Eyre It is suggested that its former recession was due to 
the volcanic activity of Cerro (Yoledn J Lautaro. 

Many glaclalions (maybe 40) have taken place In Patagonia during the last 7 million years, 
but only one at 1 .2—1-0 Ma was more extensive than the last glaciation (by 80 kilometers at 
the latitude of l<ago Argentino). The last glaciation left two moralnic systems, the inner one 
resulting from at least five glacier advances between 70 ka and 1 1 ka. The elevation of the ice 
divide on the northern Southern Patagonian Ice Field was probably 2,1001200 meters at that 
time, 30U to 700 meters higher than today Titus, ail the relief was not covered by a Convex ice 
cap, as assumed by others. To explain the scouring and overdeepening of north-trending Pat- 
agonian channels, it is suggested that local ice fields often formed on the Pacific islands. Four 
'Little Ice Ages,' dated at 3.0 ka. 2.3 ka. 1.4 ka. and 250 years before present, have been recog- 
nized In Patagonia- The last one followed a lime that had a milder climate than the one today, 
and had winds from the northeast, as documented by old logbooks 

Mapping, Aerial Photography, and Satellite Imagery 

In 1954, the orography of (he Andes Mountains south of lat 35°S. was 
more or less well known as far south as lat 42 C .S. on the Chilean side and as 
Tar south as lat 43°S. on the Argentine side. This was because mountaineers 
from Club Andino Bariloche (CA B.) had explored the area around l^tgo 
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Puelo (lat 42°10'S., long 71°38'W.). In the same year, the U.S. Army Air 
Force Preliminary Charts (Carta Prelfminar, CP) became available. At a 
scale of 1:250,000, these were compiled from 1945 Trimetrogon aerial sur- 
veys. After reduction, they became the l:l,000,000-scale U.S. Air Force 
(USAF) Operational Navigation Charts (ONC) R-23, S-21, and T-18 that 
cover the Wet Andes area. On the CP's, contour lines were drawn at 500 
feet, 1,000 feet, and then at 1,000-foot contour intervals. On a large part of 
the ONC's, no contour lines are shown at all. 

North of Puerto Aisen (lat 4F>"2fi'S., long 72 a 42'W.), the Trimetrogon 
aerial photographic survey was done too early in the season, when exten- 
sive snowpack covered the terrain. Therefore, these charts, CP's at a scale 
of 1:250,000 and ONC's at a scale of 1:1,000,000, cannot be used as a basis 
for a glacier inventory. In particular, the extensive glaciers shown on the 
northern part of ONC S-21 on the Argentine side of the popular Lakes 
Region simply do not exist. 

South of Puerto Aiseh, most of the Andes lie in Chile. The west side is 
almost always liidden in the rain and fog. At Grupo Evangelistas (lat 
52°20'S., long 75°05'W,), there are 360 rainy days a year! Rain forest, 
swamps, fjords, and ice fields that have tidal outlet glaciers make ground 
exploration exceptionally difficult and commonly nearly impossible. In spite 
of considerable effort by mariners since the 16th century, the fantastic lab- 
yrinth or channels and fjords along the west coast of Chile south of Puerto 
Ais^n was very poorly known before publication of the CP. The Trimetrogon 
aerial surveys were carried out. in this area from December 1944 to March 
1945 on the very rare cloudless days. Publication of the chart in 1953-54 
allowed the biggest map revision in the Earth's geography to be made in 
modern times. Only mysterious Isla Santa Ines at lat 53°46'S., long 
72 e 40'W., remained incompletely surveyed. Tliis lughly dissected island has 
several fjords, one of which hid the German battleship Dresden in 1914 
after the battle of the Falkland Islands (Islas Malvinas). 

In spite of the fact that the aerial surveys of the southern Wet Andes 
were carried out under optimum conditions, the ice fields, outlet glaciers, 
and other glaciers are very poorly denned on the CP and on the three ONC's 
(R-23. S-21, and T-18). In addition, geographic place-names are few and 
far between, and many are incorrect. For this reason, my sketch maps, pub- 
lished in Lliboutry (1956), are reproduced here and have some new geo- 
graphic names added (see figs. 27, 29, 30, and 37). 

Because the Trimetrogon aerial survey of January' and February- 1945 
remains an essential source of data for the Northern and Southern Patago- 
nian Ice Fields, the following information is provided on Sorties (flights) 
and photographic frame numbers in order to complete the ones given by 
Mercer (1967, p. 133 145). The survey mission designation for all the U.S. 
Army Air Force aerial survey flights over southern Patagonia is 
91 PC-5M-4028, except for Sortie 406. which is 91-PC-4M^J028 (Masumu 
Amya. written conunun., 1997). 

Northern Patagonian Ice Field: 

Sortie 406, Frames 85-124: East side from Glaciar Oireo (Glaciar Grosse) 

to Glaciar Pared Sur 
Sortie 558, Frames 10-41: West side from Glaciar Steffen to Golfo Ele- 

fantes 

Southern Patagonian Ice Field (northern part): 

Sortie 556 (2 January 1945), 

Frames 1 6-49: East side from Rfo Pascua to Glaciar Viedma 
Frames 5.3-85: West side from Afeseta del Comandante 

(Caupolicdn) to the north limit of the ice field 
Frames 100-110: West side. 30 km farther west overflying 
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Glaciar Occidental 
Frames 1 15-149: Center of ice field from Glaciar Bniggen to 
the vicinity of Fiordo Calrm (Ccrro (Volcdu) Laularu on 
556-V-124) 

Southern Patagonian Ice Field (southern part): 

Sortie 410 (23 January 1945), 

Frames 1 15-223: From the south end (Cordillera Sarmiento) 
to Glaciar O'Higgins (valley from Fiordo Feel to Fio>-do 
Mayo) on 4I0-V-168 (Nunatak del Viedma on 
410-V-207) 

Sortie 411, Frames 1-25: From Lago Argentino to the Paine group (ter- 
minus of Glaciar Moreno on 41 l-V-9) 

[In Lliboutry (1956), I wrote 1946 instead of 1945 for the date or the 
photography, as was told to nie at the Instiluto Geografico Militar of Chile 
(IGMC). However, Prof. Aniya has brought to my attention that the months 
and years are printed on all of the CP maps, and they are always from 
December 1944 to March 1945 | 

The era without accurate maps is tiow over. Aerial surveys by the Chil- 
ean Air Force and by the USAF started in May 1966 and used Doppler posi- 
tioning to measure and locate surveyed peaks accurately. The surveys 
allowed the progressive publication from north to south in the 1970's and 
1980 s by the IGMC of maps at a scale of 1:50,000. The map of the Northern 
Patagonian Ice Field, based on aerial photographs of 1974, was published in 
1982. However, the elevations and contour lines that are essentia] for glaci- 
ological work remain questionable on the large ice fields of southern Pat- 
agonia, where the ground is uniformly white and stereoscopic observation 
of photographs is impossible. As for the highpst summit, Monte San 
Valentin, an elevation of 3,876 m was based on terrestrial triangulation by 
NordenskjOld in 1921. later the elevation was thought to be 4,058 m. The 
l:50,0(KJ-scale map shows 3,910 m. A French group that climbed the peak 
in 1993 included t wo surveyors, who calculated an elevation of 4.080±20 m 
by using a Global Positioning System (GPS) 

On the Argentine side, the IGMA compiled maps at a scale of 1:100,000 
that cover the east side of the ice field from Monte FitzKoy/Corro Chattel to 
Lago Frias. Geodetic ground control was provided through triangulation, 
traversing, and some Doppler (Transit system) satellite determinations. 
Although these maps have been available for sale to the public since their 
publication in the late 1980's, my sketch maps of 195G are still used by 
mountaineers visiting this region. Argentina also made aerial surveys of the 
area between Monte FitzRoy/Cerro Chaltei and Lago San Martin/O'Higgins 
in 1966 and 1981. The IGMA compiled maps at a scale of 1:50,000 from the 
coverage of 1966, as required by the Argentine-Chilean Commission in 
charge of establishing the international boundary in this region. From this 
map and the 1981 aerial photographs, Gonzalez and Veiga (1992) drew a 
map of the FitzRoy group. 

A comparison of the 1945 aerial surveys and more recent data (landsat 
images, aerial photographs, and maps, for example) allows a comparative 
time-lapse study of glacier variation in Patagonia. Unfortunately, good sat- 
ellite images without cloud cover are scarce. The most useful Lwdsat 1, 2, 
and 3 multispeetral scanner (MSS) images of glaciers of the Wet Andes are 
listed in table 8, Naruse and Aniya (1992) published a l-andsat 5 Thematic 
Mapper (TM) false-color mosaic of the Southern Patagonian Ice Field |see 
fig. :J2/i| using three images (table 1) acquired on 14 January 1986 under 
very rare, almost cloudless conditions. 

In spite of extremely adverse weather conditions, the mountains and ice 
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Table H—Mofit uM>jid lAndfiat /. £ and S images of the gtocim of titv Wrt Andes 

|TtaUr I lUt» >I1 it* nfxitmm Utfctul I, £ wmI :tima>phn«th» ghrivr* Chili- \#tpn(uui| 



Nominal sfitic rmlrr 
(laf-long) 



mimlx*r 



242-08 



247- 06 

248- 91 
248-82 



248-94 



248-04 

248- 96 

249- 84 



2-19-87 
249-88 



24t» 91 



54"22'S. 



SOWS. 
71°30W 

6 rat's. 

7211'W 

51-34'S. 
73"37'W. 

44°30'S. 
71'58'W. 

45°55'S. 
72"32'W. 

47"20S. 
73D7W. 

47"20& 

rjww. 

48°44'.S. 
73°44W. 

48>44\S. 
W44W 

48*44S. 
73'44W, 

48M4-& 
7?44W. 

SOWS 
74'22 , W. 



3.VS8-S. 
70"24W. 

37"24'S. 
71T52W. 

40=148. 
71WW. 

4r4ffS. 

72'>20'W. 

43°06'S. 
72T.IW. 

44°30'S. 



30380-13120 
21441-13200 
21441-13202 



2ISIS-1.-B24 



30368-13444 
2399-13410 



30368-134B0-B 

30368-1345.1 

2418-13420 

2022-13484 

2382-13440 

2382-13442 

2436-13431 



21BI6-I3380 
2130-13486 



20 Mar 79 
02 Jan 70 
02 Jan 79 
23 Mar 79 
17 Mar 79 
25 Feb 76 
25 Feb 76 
08 Mar 79 
25 Feb 76 
08 Mar 79 
08 Mar 79 
08 Mar 79 
08 Mar 79 
15 Mar 76 
13 Feb 75 
08 Feb 76 
08 Feb 76 
02 Apr 76 
02 Apr 76 
18Mar7fl 
01 Jun 75 



fields of southern Patagonia have been the goal of many expeditions (Naruse 
and Aniya, 1992, 1995). The results of these expeditions allow conftrmation 
of interpretations made from aerial photographs and satellite images. 

Tliis section of the "Satellite Image Atlas of Glaciers of the World" ("Gla- 
ciers of South America" volume) is an assessment of existing knowledge in 
1997. An extremely important development of Patagonian glaciology is fore- 
seeable in the near future with the use of spacebome imaging radar, which 
can survey the Earth's surface through cloud cover. Moreover, interferomet- 
ric observations from sequential radar images will allow daily measurements 
of the velocities of fast outlet glaciers (Rignot and others, 1996b) 
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Climatic Setting 

As one travels to the south, the mean annual temperatures decrease pro- 
gressively. Near sea level, the mean annual temperatures at the following 
meteorological stations are as follows: 

Los Angeles (Central Valley, lat 37°23'S.) 13.7°C 
Melinca (Islas Guailecas, lal 43°54'S.) 10.0 C C 
Punta Arenas (Strait of Magellan, lat 53°10'S.) 6 5 C C 
At tlie same time, (he wind (always from the west or northwest) 
becomes stronger and stronger, and the climatological differences between 
the west and the east sides of the Andes Mountains become more pro- 
nounced. 

Very few meteorological stations exist in the Andes and in Chilean Pat- 
agonia. Therefore, the type of vegetation present is a very useful indicator 
of the climate and for prcjviring climatic maps (Quintanilla, 1974). 

At lat 35°S., the annual precipitation in the Andes is about 1,500 mm a -1 . 
It is 2.471 mm a" 1 at the Albanico hydroelectric plant (lat 37°20'S., eleva- 
tion 850 m) and 3,083 mm a" 1 at the Ijls Raiees tunnel on the Lonquimay 
railroad (lat 38 3 30"S., elevation 1,200 m). In this region at moderate eleva- 
tions, the characteristic flora (which includes Peumus bold us and Qml- 
laja saponaria) of the Tinguiririca and Cacliapoal valleys is replaced by a 
roble forest (Nothofagus obltqua) At liigher elevations, the forest is 
mainly the spectacular pehuen (Arauccirhi amucoim), 

At lat 39°30'S .. the already higli annual precipitation shows a major 
increase, and precipitation becomes distributed throughout the year. 
Whereas the annual precipitation is 2.489 mm a" 1 at Valdivia on the Pacific 
coast (lat 39 S 50'S.), in the Andes at the same latitude, 4,970 mm a - ' has 
beeti measured at Puerto Fuy on Lago Pirehueico (lat 39°52'S., elevation 
750 m). At Petrohue on Lago Todos Us Santos (lat 41 "OS'S., elevation 700 
m), the figure is 4.000 mm a" 1 , although this site is in the lee of Volcan 
Osorno. Under this extremely wet climate at moderate elevations, the roble 
forest is replaced by the Bosque vahiieiano along with Arxtoxiruvi punc- 
tatum (olivillo), Eucryphia cordifolia (ulmo), and Drimys winter! 
(canelo). At higher elevations, the Araucaria forest is replaced by an 
impenetrable rain forest that has evergreen leaves of Nolhofagtis dombeyi 
(coigiie) and other species. 

South of lal 42°S., the Bosque laldiviano disappears, and Nothojwjits 
dombeyi is progressively replaced by S'othofiigus beDdoides (guindo). On 
the drier Argentine side, forests of FiUmya cupressoides appear (alerce, 
which has given its name to an Argentine national park), including individu- 
als as old and as large as those in the sequoia forests of North America. 

Near sea level, no further increase in precipitation exists. On most west 
coasts, it has only been measured at lighthouses, the only inhabited places. 
At Valdivia (lat 39°50'S.), the precipitation was measured at 2,489 nun a~ l . 
At Melinca (lat 43°54'S.), the measurement was 3,174 nun a"'; at Cabo 
Raper (lat 4f> r, 50 S ), it was 2.000 mm a" 1 ; and at lslas Evangelistas (lat 
52 C 20'S.), it was 2,900 nun a" 1 . In the interior of fjords and channels, pre- 
cipitation is higher, similar to that in the Lakes District (Kegi6n de los 
Lagos) of Chile. At the meteorological station of Laguna San Rafael (lat 
46°37'S ), the mean annual precipitation during the years 1981-85 was 
4,440 mm a at the entrance from the Pacific Ocean to the Strait of Magel- 
lan (lighthouse of Bahfa Felix, lat 52 g 58'S). it was 4,700 mm a -1 . Precipita- 
tion increases with elevat ion and exceeds (5,000 mm a" 1 of water equivalent 
on the Patagonian ice fields (Inoue and others, 1987; Pena and Gutierrez, 
1992). Prom the discharge of rivers, Rscobar and ot hers (1992) infer 7,000 
mm a"' of water equivalent on the western part of the Northern Patagonian 
Ice Field, 0,000 mm a" 1 on its eastern part, and 6,000 to 7.500 mm a" 1 on 
the Southern Patagonian Ice Field. 
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Ill the Ice of the Andes, precipitation decreases sharply. At Estxmcia 
Madsen (12 km east -southeast of Fit/.Koy. at lat 49 :, 1()'S.), 850 mm a" 1 was 
measured in the 1940s. Farther east, the I'atagonian pampa is a steppe that 
has 200-300 mm a~ l of annual precipitation. This steppe extends south to 
the east side of Torres del Paine, where a small endorheic salty lake. 
Laguna Amarga, is found. 

To the south, changes in vegetation are the result of colder tempera- 
tures. Evergreen species are replaced hy deciduous species, such as Nothn- 
Jagus pumiliu (lenga) and Nothqfagus antairtica (nirre), and the forest 
becomes penetrable wherever no bogs are found. The highland forest 
extends upward in elevation to bare rock, perennial snow, or glaciers. No 
intervening highland zone of grasses exists, as in the European Alps. 



Wet Andes between Tinguiririca Pass and Puerto Aisen 
(Lat 35° to 45°30'S.) 

As shown in figure 2 of the "Glaciers of the Dry Andes" the elevation of 
the main mountain range that forms the water divide is much lower south 
of lat 35°S. than in the Central Andes (lat 31°S. to lat 35 C S.). Thus, in spite 
of the existence of cirque basins, no cirque glaciers are present until one 
reaches the vicinity of Lago Nahuel Huapt (lat 41°S.). 

On the west side of the main range dominating the Chilean Central Vcd- 
ley and the sea of Chiloc, an extensive string of 37 volcanoes has sufficient 
elevation to rise above the equilibrium line for glaciers. These volcanoes are 
listed in table 9. The total area of glaciers, according to an unpublished 
inventory by Gino Oasassa, is 267 km". Almost no glaciological observations 
have been made on these ice-capped volcanoes because scientific interest 
in them is minimal. The main utility of satellite imagery in this area is to 
analyze any clianges that follow effusive or explosive volcanic eruptions 
(Gonzalez-Ferran, 1995). A preliminary inventory of the glaciers and snow- 
fields in the Argentine Andes between lat 39" and 42°20'S. was published 
by Rabassa (1981). A review of the inventories of the glaciers of Cliile was 
done by Casassa (1995). 

TaiU>: P.— Iiv rnpptil mlmn<*vt south (if lot .K'S, Chile and Artpulhm 

Ai«rotljviOTl<Tiilrir< 




Volcano (ahrmur name) 
Ararat iruvChile 


Cotmlry 


(melon) 






P*M^w 


Number of hthI last 
entiplinnf*) 




Cerro del Planrhon/Volcan 
a PUuirhon 


Argentina. 
Chile 


3,801 


35" 15' 


70"34' 


249-84, 
248-85 


n.d. 




Volcan Peteroa 


Argentina, 
Chile 


3.951 


35'I7 


70'34' 


— ^ [ ^ . * 
249-85 


13 in 1991 




Volran Desrabezado Chico 


Chile 


3,250 


35 31' 


70°37' 


249-85 


n.d. 




VuJ.an I*«-abe»Mlo Grande ... 


Chile 


3,880 


35*33' 


70"45' 


249-R5 


1 in 1932 
(fiunarolic) 


CP- 3.830 in 




Chile 


3,810 
(before 
explrcucm) 


.'15:15' 


70<45' 


249-85 


13 In l*>7 


CP 3.050 in (after explosion that 
covered entire region with 
white tephra) 




^hile 


4.002 


35-55 




249-85 






liAiiri .Sim Pntni-hix Yrtjuas 


Chile 


3.500 


35 511' 


-WW 


249-85 




CP 3.499 m 




ChUo 


3.050 


3.V59 


71=08' 


249-85 






Nevado Ijongavi 


Chile 


\m 


3fi 12' 


71'10' 


249-85 




CP Nevada de tarupien 




Argentina 


•1.70!) 


:>6-»' 


70=26' 


249-«5 




CP 4.785 m 


Nevados de Chilian 


Chile 


3.180 


Jfi.W 


7125' 


219-80 


17 in 1987 


CP. 3,lfi9m 



GLACIERS OK CHILE AND ARGENTINA 1153 



Digitized by Google 



Tabu: O.—lc^i-appnt mica nor* tvulh vj tal .35 S .. Chil* and Argentina— Continued 



Atr? rrtuWOi Lie 


Country 


Ele\aUuit 
(meters) 


UiutuuV 
south 


LuntpliMlr 

MTI*!d 


Path Rim- 


NuihIkt nf aii'l l.tsi 






Chile 


2.985 


37>24' 


71 22' 


249-S6 


12 in 1972 




Sierra Velluda 


Chile 


3,585 


37 r 28' 


71 2<V 


249-86 


«« 


CP: 3,385 m 
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Glaciers of Volc.in Lmin (lat 39 : '4U'S.) and Monte/Orro Tronador (an 
old, dissected volcano) (Lit 41°10'S.) (fig- 21) have been studied by Argen- 
tine scientists (Rabassa and others, 1978). In particular, Monte/Cerro 
Tronador has been mapped several times (fig. 22). The terminus of Glaciar 
Alerce, the eastenunost of its 1 1 outlet glaciers, has been surveyed repeat- 
edly since 1953; it shows a continuous retreat except for the period 
1976-77 (fig. 23). Two of its other outlet glaciers, Glaciar Negro and Glaciar 
Castana Overo, have been surveyed since 1970. 

South of Lago Nahuel Huapf (fig. 22). small cirque glaciers appear, and 
south of Paso Cochamb (lat 41°30'S.), they become ubiquitous (see sketch 
maps of the area west of Lago Fuelo in Lliboutry (1956, p. 346) and of the 
area west of Lago Menendez in Juarez and Puentc Blanco (1963)). By using 
Chilean vertical aerial photographs and Lnndsat images that cover the area 
(Paths. Rows 249-89, 248-90, 248-91, and 249-91; table 1), a preliminary 
glacier inventory can be achieved. The first glaciers t hat are large enough 
(about 12 km long) to be monitored by satellite imagery are two outlet gla- 
ciers that flow from two small ice fields. One, the Queulat ice cap (about 80 
km 2 ), is centered at lat 44°25'S., long 72°25'\V., and is at an elevation of 
1,889 m according to ONC S-21. The other (about 40 km a ) is centered at 
an utuiamed summit at lat 44°30'S., long 72°19'W., at a» elevation of 2,255 
m according to ONC S-21 (fig. 24). Tliis area borders a fjord called Seno 
Ventisquero (ventisquero is the old Spanish name for glacier). 




Figure 21.— Section of a Landsat 2 MSS false-color composite 
image (2436-13433; 2 April 1976; Path 249, Row 89) of Monte/Cerro 
Tronador. an old, dissected volcano that has an ice cap and 11 out- 
let glaciers. Landsat image is from the EROS Data Center, Sioux 
Falls, S. Dak. 
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Figure 22.—Monte/Cerro Tronador and 
environs, Chile and Argentina, by Lli- 
boutry (1956). Drawn from the Carta 
Preliminar (CPf at a scale of 1:250,000 and 
from sketch maps published by Club 
Andino Bariloche. Since the Trimetrogon 
survey of 1945 (from which the CP was 
compiled), the east glacier at the head of 
Rio Alerce has receded, and Laguna Alerce 
has formed (fig. 23). The thick lines are 
ridge-lines, the hachured lines are cliffs, 
the short lines on the glacier indicate 
steepness, and the dotted areas are 
debris-covered glaciers or rock glaciers. 
The border between Chile and Argentina 
follows the ridgelines north from south of 
Cerro Volcanico to Pico Argentino to west 
of Laguna Frias. Abbreviations: Co., Cerro; 
Mo., Montana; P., Pico; Pto., Puerto; L, 
Lago; R., Rio; and Lag., Laguna. 



Figure 23.— Fluctuations of the terminus of 
Glaciar Alerce (east flank of Monte/Cerro 
Tronador) between 1953 and 1981. Modi- 
fied from a sketch map compiled by A.E. 
Cone (Instituto Argentino de Nivologia y 
Glaciologia, Mendoza (IANIGLA. MZA)). 
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EXPLANATION 

Rock on the surface of the 
glacier. In 1977, both rocks were in 
the progieclal lake 

Aerial photographs 

Sketch map- A.E. Cone 

Aerial photographs 

Sketch map- F Bariloche 

Sketch map-F. Bariloche 

Sketch map-F. Bariloche 

Sketch map— E Bariloche 

Pace and compass Sigtrido Rubilrs 

Pace and compass- Sigtrido Rubilrs 

Sketch map- IANIGLA MZA 

Lake margin 




Laguna Alerce 
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Figure 24,-Part of a Landsat 2 MSS image Patagonian Andes 

(21515-13324. band 7; 17 March 1979; Path 

248, Row 91) of the northern Wet Andes Patagonian Andes Between Puerto Aisen and Rio Pascua ( In chid 
showing the volcano Monte Melimoyu in i n g ^ e Northern Patagonian Ice Field) (Lat 45°30' to 48 3 S.) 
the upper left and two small ice fields that 

have outlet glaciers in the lower right. Only on (.anrisat images (Paths, Rows 248-92, 248-9:1, and 248-94; table 
Landsat image is from the EROS Data Cen- H) ran one appreciate the large number of glaciers that are present in the 
fer, Sioux Falls, S. Dak. region. On the images, it is possible to distinguish the following: 

(1) A relatively straight line of ice-capped mountain groups extending 
approxunately along the 73°W. meridian, including mainly: 

(a) Nevado Condor, 1,960 m Oat 45°37'S.) (fig. 25) 

(b) An apparent, large, circular caldera (centered on lat 45°55'S.), 10 
kin in diameter, filled with ice, Cerro (Volant) Hudson. From the 
caldera's ice field, a heavily debris-covered outlet glacier flows to 
the northwest more than 12 km to Rfo HuemuJes (fig. 25). Note 
that in 1971, 5 years before this image was marie, Cerro (Volcdn) 
Hudson had a very big explosive eruption 

(c) Another ice field of the same size that has 20 outlet glaciers at lat 
46°08'S. The main outlet glacier, 2 km wide, flows to the northwest 
(fig. 25) 

(d) Seven other unnamed mountain groups extending to the mouth of 
Rio Baker (the outlet of Lago Buenos Aires/General Carrera) at lat 
47°!>0'S. (see figs. 2G, 27). 

(2) East of Rio Baker, between Lago Buenos .Aires/General Carrera and 
Lago San MarUn/O'Higgins to the south, lies a wide belt of glacierized 
mountains that is dissected into many groups (southeast quadrant of 
figs. 26, 27, and 28). The mountains extend into Argentina, where 
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Bertone (1960) completed a preliminary glacier inventory. The main 
glatierized mountain is Cerro San Lorenzo (3,700 m. lat 47°36'S., long 
72°19'W.) on ihe international border (east of fig. 26). (See maps in 
Buscaini and Metzeltin, 1989, p. 190 and p. 192). It has three large gla- 
ciers, all debris covered on their lower parts. The west, 12-km-long gla- 
cier (in Chile) shows little evidence of retreat, whereas the smith (12- 
km-long) and east (8-km-long) glaciers (both in Argentina) are situ- 
ated well below their Literal moraines. 
(3) West of the central line of mountains, the Northern Patagonian Ice Field 
(NPIF, called in Spanish, Hielo Patagbruco Norte) trovers about 4,200 
knr (Ags. 26, 27, 28). Most of the NPIF is a plateau 1,100 to 1,500 m in 
elevation. The plateau extends 90 km from north to south and 30 km 
from east to west, and it is crossed by a northwest -trending range 
(jCord6i> Aisihi). Thirty outlet glaciers discharge from this ice field 
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Figure 25. — Part of a Landsal 2 MSS image 
(2399-13401. band 7; 25 February 1976; 
Path 248. Row 92) of t he Wet Andes north 
of i ago Buenos Aires/General Carrera 
showing Monte Maca. Nevado Condor, 
and two ice fields that have outlet glaciers, 
one of which is located on Cerro (Volcin) 
Hudson. Landsat image is from the EROS 
Data Center, Sioux Falls, S. Dak. 
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Figure 26.— Landsat 5 MSS false-color composite image mosaic (51075-13514, 
bands 4, 5. and 7; 9 February 1987; Path 232. Row 92; and 51075-13520, bands 
4, 5. and 7; 9 February 1987; Path 232, Row 93) of the Northern Patagonian Ice 
Field. See geographic place-names in figure 27. Landsat image mosaic cour- 
tesy of Masamu Aniya, Institute of Geoscience, University ofTsukuba, Ibaraki, 
Japan. Geometrically corrected from l:50,000-scate topographic maps. 
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Figure 27 — Northern Patagonian Ice Field (green). Taken from Uiboutry 
(1956); additional geographic place-names supplied by Cedomir Marangunic. 
The thick lines are ridgelines. Some geographic place-names are inconsis- 
tent with those used in the text, and those in the text conform to the usage 
recommended by the U.S. Board on Geographic Names in the gazetteers of 
Argentina (1992a) and Chile (1967, 1992b). 
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Figure 28.— Perspective views of the 
Northern Patagonian Ice Field. A, Per- 
spective view from the southeast show- 
ing the trace o/Cord6n Aisen across the 
ice field. B, Perspective view from the 
northeast. In the foreground is Monte 
San Valentin (compare with fig. 41A). The 
views were created by draping Landsat 
5 MSS images of 9 February 1987 
(51075-1 3514; Path 232, Bow 92; 
51075-13520; Path 232, Row 93) over a 
digital-elevation model. Courtesy of 
Masamu Aniya, Institute of Geoscience, 
University ofTsukuba, Ibaraki, Japan. 
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[Editor's nolo: Aniya (1988) inventoried 28 outlet glaciers from the NPIF|. 
The main glaciers from the northern part of the ice field are two that flow 
to the west: (ilaciar San Rafael (the lowest latitude tidewater glacier ill 
the world) and Glaciar San Quintin (the largest outlet from NPIF that 
ends in a piedmont lobe), and two glaciers that flow to the southeast: Gla- 
ciar Nef and Glaciar de la Coloitia. The main out let glaciers of the south- 
ern part of the ice field are Glaciar Benito and three unnamed glaciers 
that flow to the west (HPN 1 to 3), Glaciar Steffon and Glaciares Pared 
(Norte and Sur) tliat flow to the south, and Glaciar Arenales that flows to 
the east , where it merges with Glaciar de la Colonia. 
The equilibrium line altitude (BL\) on Glaciar San Rafael was at 1,050 m 
in December 1952 (Club Andino Bariloche, 1954) and at 1,200 m in October 
1994 (Rignot and others, 199(ib). On Glaciar Soler on the east side of the 
NPIF, Aniya and Naruse (1987) found the ELA at 1,350 in 

Ice thickness has been determined by using gravimelry along an east -west 
traverse at about lat 46'52'S. (Casassa, 1987). Tlie surface lowers westward 
progressively from 1 ,5 1 1 m to 1 , 1 1 1 in over 2 1 .85 km, whereas the bed eleva- 
tion ranges irregularly between +596 m and -223 in. and the thickness ranges 
between G20 m and 1 ,458 m. 

Southern Patagonlan Ire Field (Lat 48°15' to 51°30'S.) 

Rio Pascua, the 50-km-long outlet or Lago San Martin/O'Higgins (see 
northeast corner of fig 29), has no name on ONC T-18, in spite of its impor- 
tant discharge (510 m' J s" 1 ). South of Lago San Martin/O'Higgins and Fiordo 
Galen (lop center of fig 29), the Southern Patagonian Ice Field (SPIF or, in 
Spanish. Hielo Patagoiuco Sur) extends more than 330 km between the 
wat ersheds of Lagos San Martin/O'Higgins. Viedma, and Argenlino (fig. 30) 
on the east and the fiords of the Pacific Ocean on the west. Its total area 
(including 1,500 km" of contiguous glaciers) was 13,500 km" in 1945, 
reduced to about 13,000 km 2 in 1980. The ice divides between its outlet gla- 
eiers. and the equilibrium lines in 1986 have been determined from Landsat 
TM images by Aniya and others (1996). The number of outlet glaciers in suc- 
cessive ranges of areas is given below. 

Tkulratkm*) >l,280 1,280-040 320-1G0 160-80 80-40 40-20 <*> 

Number ..r>!la<:*n. 0 4 7 9 12 13 3 ? 

A description of the Southern f'atagonian Ice Field and its outlet glaciers 
from north to south is as follows (see figs. 29-39). 

North of lat 49'S. , most of the ice field is a uniform plateau tliat lias only a 
few nunataks. The main outlet glaciers are Glaciar .Jorge Moult (464 knr), 
flowing northward to Fiordo Galen; Glaciar Bernardo (536 km"), flowing 
westward to Fiordo Bernardo; Glaciar Greve (438 knr), flowing westward 
and then southward; and Glaciar O'Higgins (820 knr), flowing eastward to 
l^igo San Martin/O'Higgins (fig. 29). In 1986, the ELA's on these four glaciers 
were at 950 m. 1,300 m. 1.000 in, and 1,300 m. respectively. 

Between lat 49" and 50"S., three parallel north-south ranges ahout 20 km 
apart may be recognized (figs, 29, 34). They are not continuous, and the ice 
fields thai fill the north-south valleys between them can escape eastward or 
westward through some gaps. The central range consists of Cordon Piu AY, 
wliich culminates at Cerra (Vhlnin) Uiutam (3,380 m), and Cord6n Mari- 
ano Moreno, which culminates at Cerro Francisco Moreno (3.536 m). (One 
must not confuse the writer and journalist Mariano Moreno (171 1-181 1 ) with 
the expert (perito) of the ComLsion de Limit es Francisco Moreno 
(1852-1919). 'I'he title of Perito is, therefore, commonly kept in place- 
names ) Except for the active Crrn> (Yolrdii) Uwhtro. this range is made 
up of mctamorphie schists of Paleozoic age that were thrust eastward over 
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Figure 29. —Northern part of the Southern Patagonian Ice Field geographic place-names are inconsistent with those used in the 

(green). Taken from Uiboutry (1956); additional names supplied text, and those in the text conform to the usage recommended 

by Cedomir Marangunic, J. Hardt and M. Puente (in theAnuario by the U.S. Board on Geographic Names in the gazetteers of 

Club Andino Bariloche. 1963). The thick lines are ridgelines. Some Argentina ( 1992a) and Chile ( 1967, 1992b). 
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Figure 30. — Southern part of the Southern Patagonian Ice text, and those in the text conform to the usage recom- 

Field (green), just south of the map in figure 29. Taken from mended by the U.S. Board on Geographic Names in the 

Lliboutry (1956). The thick lines are ridgelines. Some geo- gazetteers of Argentina (1992a) and Chile 11967, 1992b). 
graphic place-names are inconsistent with those used in the 

ll«4 SATELLITE IMAGE ATLAS OF (iLAl'IKRS OF THE WORLD 

Digitized by Google 




Figure 31. — Oblique color satellite photo- 
graph of the Southern Patagonian Ice 
Field, Chile and Argentina. Photograph 
acquired on 10 March 1978 by Russian 
cosmonauts G.M. Grechko and Yu.V. 
Romanenko, courtesy of Vladimir M. Kot- 
lyakov. This is 1 of 40 photographs taken 
from the Salyut-6 orbital space station of 
the ice fields, outlet glaciers, and other 
glaciers in South America that were ana- 
lyzed in a paper by Desinov and others 
(1980); see also Williams (1986. p. 544-555; 
1987). 



sedimentary rocks of Jurassic and Early Cretaceous ago (Kracmcr, 1992). 
Therefore, the north-south valleys should be primarily of tectonic, not glacial, 
origin. 

The entire northern part of the ice-Riled west valley is part of the accumula- 
tion zone of Olaciar Bruggen (1,265 km 2 ), discussed in a special subsection 
below. It was christened by its discover, Father de Agostini, as Glaciar Pio XI 
(Agoslini, 1945). The official name of Glaciar Bnlggen was applied 20 years 
later. Out of respect for the intention of Father de Agostini, I christened the 
range nearby as Pro XI {Coixten Luutarv) instead, but the name of Cordon 
Lauiaro has prevailed. The plateau of the accumulation zone was christened 
Meseta del Comandutile by ait official Cltilean expedition that found an access 
route to it from Fiordo Exmouth, and it was recluistened Mcseia Caupolican 
(named after an Araucan hero) by the Instituto de la Patagonia. Farther to tlie 
south are Glaciar Penguin (507 km 2 ) and Glaciar Europa (403 knr) (fig. 30). 

The east valley is filled by the ice of Corredor Hicken , which flows north- 
ward to join Glaciar O'Higgins; by Glaciar Viedma (903 km 2 ), which flows 
eastward and has a calving front in Logo Viedma (254 m) (fig. 35); and by 
Glaciar I'psala, flowing southward to a north arm of Logo Argent ino (187 m) 
(figs. 29, 30). The ice divides that separate Corredor Hicken of Glaciar 
O'Higgins. Glaciar Chico (also calving in Lago San Martin/O'Higgins), and Gla- 
ciar Viedma, caiuiol be determined because the area, known as Meseta de los 
CutUm Glaciat es (plateau of the four glaciers), is very flat and almost hori- 
zontal. The fourth glacier, separated by a very slight sill, is Glaciar Bruggen to 
the wt'st. Another slight sill separates Meseta de las Cualm Glacinres from 
the Glaciar Marconi on the east, at the head of the Rio Electrico valley (fig. 
36). The name Rio Electrico does not come from electrical storms, which are 
almost unknown in Patagonia. It is a name given by the local fanners, who 
compared the noise made by the gusts of the fierce west wind with thunder. 
The elevation of Meseta de los Cualro Glaciares is 1,500-1,590 m (Puertte 
Blanco, 1963b), and t he ELA on Glaciar I'psala was at 1,150 m in 1986. 
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The oast serins of short ranges includes, from north to south, Corddn 
GAEA, Cordon Marconi, Cordon Torre, and several mountains on the 
northwest and southwest of l*igo Viedma. Cordon Tbrrc is a series of nee- 
dles culminating at Cerro Torre (3,102 m) (fig. 37). Five kilometers to the 
northeast, another series of needles culminates at Monte FitzRoy/Cerro 
Chaltel (3,405 m). Both series of peaks are young intrusive stocks of gran- 
ite and granodiorite intruded at 10 Ma Thus, the floor of the very deep val- 
ley between the ranges, whose depth ranges from 1,870 m to about fiOO m, 
has been entirely carved by glacial erosion. In February 1052, the KLA on 
the east glaciers of this group was at 1,250-1,300 m (Uiboutry. 1962). The 
needles and huge vertical walls of the FitzKoy group (fig. 38) are famous 
among climbers worldwide (Huscaini and Metzoltin, 1989). They are 
extremely difficult to climb because of the typically bad weather and very' 
strong winds, as well as the paucity of cracks or zones of fractured rock. 



Figure 32.— Mosaics of the Southern Pat- 
agonian Ice Field. A, Landsat 5, band 4, 
Thematic Mapper (TM) mosaicked images 
acquired on 14 January 1386 (50684- 13530; 
Path 231. Row 94; 50684-13533; Path 231, 
Row 95; and 50684-13535; Path 231, Row 
96). Landsat images are from the EROS 
Data Center, Sioux Falls, S. Dak. B, see 
page 1168. 
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The massif lias not undergone tectonic stresses, and the maritime climate 
allows little frost cracking. 

At lat 60°24'S., the SPIF is interrupted by two transverse fjords. Fiordo 
Mayo from I .ago Argentino and the northeast arm of Fiordo Peel from the 
J*acific Ocean (fig. This arm was confused with Fiordo Andres by F. 
Reft hrrt when he saw it in the distance from the ice divide, which explains 
the erroneous name of Scno Andrew found on many maps. The distance 
between Fiordn Mayo and Fiordo Peel is about 18 km. In the valley between 
them is a small lake, Laguna Escondida, into which Glaeiar Mayo is calving. 
Sometime between 1070 and ll»7">, this lake lust about 44 percent of its area 
by draining Off into Fiordo Mayo (Pedro Skvarca, written eonunun.). 

Smith of this constriction, the SP1F is narrower, without large ice 
plateaus. The largest glaciers are Glaciar (Perilo) Moreno (255 km"), 
which has a calving front in l-ago Argentino (tig. 39), and Glaciares 
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Figure 32B. — False-color composite mosaic (TM 
bands 1, 2, and 5) of the same images used for A. 
Landsat mosaic courtesy of Masamu Aniya, Insti- 
tute of Geoscience, University ofTsukuba, Ibaraki. 
Japan. Previously published in Photogrammetric 
Engineering and Remote Sensing by Aniya and 
others (1996, plate 1, p. 1364). 



Grey (20!) knr) and Tyndall (331 km 2 ), both flowing southward (fig. 30). 
The ELA on Glaciar Tyndall is at 900 m Casassa (1992) measured its thick- 
ness across a t ransverse profile using a radio-cchosounder. Echoes were no 
loiu'i-r obtained beyond 3 km from the glacier's east margin where the ice 
thickness exceeded 600 m, the maximum range of radio-eehosounding in 
temperate glaciers. 

The spectacular Paine group, a young granodiorilic intrusion similar to the 
FitzRoy group, and p«>rliap.s even mop- lieautiful. stands l>etween Glaciar 
Grey and the dry pampa. On a small glacier on the west side of the ice field, 
( ilanar Olguin, the ELA was at 1,400-1,500 m in 1985 (Luis Krahl, oral com- 
mini ) On the southernmost glacier of the SPIF. Glaciar Balmaceda 
(hit 51 '23'S, ), the ELA was at (>r>0 m in 1 9H(j (Aniya and others, 199(5). 
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Figure 33. —Landsat 2 false-color composite image of the northern part of the 
Southern Patagonian Ice Field on 25 February 1976. (In the lower left-hand 
corner, obscured by clouds, is Isla Wellington.) See geographic place-names 
in map, figure 29, which shows the glacier termini as they were in 1946. Note 
that between 1946 and 1976. Glacier O'Higgins receded about 11 km, 
whereas Glaciar Bruggen advanced 9 km. A 25-km-long lake formed be- 
tween Glaciar Bruggen and Glaciar Occidental. Glacier rock flour makes this 
lake and Lago O'Higgins appear light blue, as do the sediment plumes enter- 
ing the fjords from glacial rivers or tidal glaciers. Note also that on most gla- 
ciers, the moraines and bands of tephra appear deep blue. Landsat image 
(2399-13410, bands 4, 5, and 7; 25 February 1976; Path 248. Row 94) is from 
the EROS Data Center. Sioux Falls. S. Dak. 
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Figure 34. — View on 11 February 1966 from the summit of Cerro Bertrand look- 
ing toward the north and showing the three mountain ranges in the middle 
part of the Southern Patagonian Ice Field. The west range includes Cordon 
Risopatrdn; the central range includes Cordon Mariano Moreno; the east 
range includes Cordon Marconi, Monte FiuRoy, and Cerro Huemul. Photo- 
graph courtesy of Pedro Skvarca, Instituto Antartico Argentino, Division Glad- 
ologia, Buenos Aires, Argentina. 




Figure 35.— Oblique aerial photograph taken in March 1989 looking northwest 
at Glaciar Viedma in the Southern Patagonian Ice Field as it calves into Lago 
Viedma. In the background on the right is Nunatak del Viedma at the foot of an 
extensive mountain range. Cordon Mariano Moreno. Photograph courtesy of 
Daniel Rivademar, Buenos Aires, Argentina (furnished by Pedro Skvarca, Insti- 
tuto Antartico Argentino, Division Glaciologia, Buenos Aires, Argentina). 
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Figure 36 — Head of the valley of the Rio 
Electrico, just north of the FitzRoy group. 
Photograph taken from a helicopter look- 
ing toward the west-northwest on 29 
November 1993 by Louis Lliboutry. Left: 
Cordon Marconi. Bottom right: very 
slightly marked Paso Marconi ( 1,498 m) on 
the international border, a route to the 
Southern Patagonian Ice Field, and 
behind, in the distance, Cordbn GAEA. 
Middle: Glaciar Marconi; it does not reach 
Laguna Electrico {bottom), as was the case 
in 1952. On the bottom-left corner, a shoul- 
der of moraine and scree indicates the 
level of the glacier that entered Valle Elec- 
trico through Paso Marconi during the last 
glacial maximum. 
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Figure 38. — FitzRoy-Torre massif. A, View 
from the surface of the Southern Patago- 
man Ice Field looking east toward the west 
side of the FitzRoy-Torre massif. Monte 
FitzRoy/Cerro Chattel (3,405 m) is on the 
left and the spire of CerroTorre (3. 102 m) is 
on the right. B, Looking west toward the 
FitzRoy-Torre massif with Monte FitzRoy/ 
Cerro Chattel on the right and Cerro Torre 
on the left. Both photographs courtesy of 
Pedro Skvarca, Instituto Antartico Argen- 
tino. Division Glaciologia, Buenos Aires. 
Argentina. 



Southernmost Patagonian Andes (South of Lat 51°30'S.) 

In spite of the lower elevations, mountain glaciers and small ice fields 
are found along the north-south axis of the Patugoniitn Audi's south of 
the SPIF. The main ones are listed below. (The source of information is the 
Carta Prehniinar at a scale of 1 :250,000.) 

(1) Cordillera Sarmiento (tint to be confused with Monte Sanniento) is 
a north-south range that culminates at 2,012 m (lat 51°48'S , long 
73*24 'W.), It lias many small mountain glaciers. 

(2) On Peninsula Munoz Gamero are found the following: 

(a) In the northwest, an ice-capped volcano, Monte Burney, at 1,750 m 
(lat r>2°20'S., long 73°25\V.). 

(b) In the south, an ice field that has an area of about 2IK) loir and cul- 
minates at 1,585 m (lat 52°50'S., long 73°10'\V.) ; the largest or its 
19 outlet glaciers is 15 km long. 

(3) On Isla UetCOare found the following: 

(a) In the north, 7 outlet glaciers flow from an ice field more than 
1,200 m in elevation (lat 52°52'S., long 72°50"\V.), and 12 other out- 
let glaciers flow around Cerro Ladrilleru (l.tWiT. in: lat ~C S . lung 
72*36*%). 
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Figure 39.— Looking west at Glacier 
iPerWo) Moreno from Cerro Buenos Aires. 
The water to the left is Brazo Rico, and to 
the right is Canal do los Tempanos of Lago 
Argentino. In between, where the ice dam 
forms, the access road to the tourist sight- 
seeing area called "El Mirador" is visible. 
The mountains in the background, includ- 
ing Cerro Pietrobelli (2,950 ml, the highest 
in this region, divide the ice draining east- 
ward into Lago Argentino and westward 
{not visible) into fjords of the Pacific 
Ocean. Photograph taken on 5 December 
1996 courtesy of Pedro Skvarca, Instituto 
Antirtico Argentino, Division Glaciologia, 
Buenos Aires, Argentina. 




(b) In the south, Peninsula C6rdova, which borders the western part of 
the Strait of Magellan, culminates at 1,220 m (lat 53°15'S., long 
73°W.) and has many mountain glaciers. 

(4) On Isla Santa Ines, on the south border of the Strait of Magellan, is an 
ice field of about 300 km 2 , culminat ing at 1,370 m. 

(5) On Tlerra del Fuego The western part of the Strait of Magellan runs 
from northwest to southeast. South of it, the Andes Mountains have the 
same trend from Isla Santa Ines to Cape Horn. In the southwestern part 
of Tierra del Fuego, the mountains are higher and culminate at Monte 
Shipton (2,469 m) This set of short ranges and mountains is called 
Cordillera Darwin (fig. 40). Most of its mountain glaciers merge in a 
large ice field of about 2,300 kur. At the western extremity of Tierra del 
Fuego near Canal Magdalena (lat 54°27'S.), the ELA was at GOO m in 
1956 on Monte Sarnuento (2,300 m) (Morandini, oral eonunun). 

Because of persistent cloudiness. Landsat images of all of tliis uninhab- 
ited region do not exist, as yet, and all of our knowledge conies from aerial 
photography. 

Early Expeditions and Recent Field Work on the 
Patagonian Ice Fields 

Early Expeditions to the Northern Patagonian Ice Field 

The highest summit of Patagonia, Monte San Valentin (4,080 m), is at 
the north border of the NPIF (figs. 27, 41). In 1921, F. Reichert endeavored 
to reach its summit by way of Glaciar San Rafael, and Nordenskjold 
at tempted a route by way of Glaciar San Quint In, which he christened unof- 
ficially Glaciar San Tadeo. Reichert anil Hermann Hess made five other 
attempts during the period 1939-42, but Monte San Valentin was first 
climbed in December 1952 by members from the Club Andino Bariloche 
(1954) In December 1963, Eric Shipton, J. Ewer. E. Garcla-Soto. and C. 
Marangunic crossed the NPIK he ading southeast from Laguna San Rafael to 
Rio de la Colonia and accomplished on the way the second ascent of CefTO 
(Volenti) Arenales ( 3,3(55 m), a mountain that they recognized to be a vol- 
cano. They assumed it to be extinct, but a small eruption of tephra can be 
seen on Landsat image 30368- 13444 (Path 248, Row 93) taken on 8 March 
1979 (fig. 42). The second ascent of Monte San Valentin was not achieved 
until December 1986 by Philippe Modere and others. In 1993, another 
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French group led by Philippe Modterc completed the sixth ascent before 
making the second crossing or the NPIF from north to south. The explora- 
tion history of the NIMF has neon published by Casassa and Marangunic 
(1987) and fay Buscaini and Metzeltin (1989). 

Early Expeditions to the Southern Patagonian Ice Field 

Of the many expeditions that have been made to the SPIF, the 1 1 treks 
made by the Salesian Father Alberto de Agostini between 1928 and 1944 
are liighlighted in his handsome book (Agostini, 1945), which includes 
many photographs of glaciers. Unfortunately, the precise camera position 
and orientation are never provided by Father de Agostini, so it is impossible 
to draw a sketch map of the FitzRoy or Paine groups from his photographs. 

The primary interest of most explorers focused on the east-to-west 
crossing of the SPIF. F. Reichert made the attempt in 1914 by way of Gla- 
ciar (Perito) Moreno (fig. 30), Kolliker, in 1933 by Glaciar O'Higgins and in 
1916 by the Rio Turn* valley (Sociedad Cienlifka Alemana, 1917) (fig. 29), 
and Father de Agostini, in 1931 by Glaciar Upsala (figs. 29, 30). Hector 
Gianolini and John Mercer tried the crossing in 1949, Bruno Guth and oth- 
ers, in 1961, and Major Huerta and other Argentines, in 1952, the last three 
groups by way of the Rio Etectrico valley (fig. 29). All the expeditions 
reached or even crossed the interoceanic ice divide, but to cross the ice 
field entirely and come back was beyond their capability. Saint-Loup ( 15J51) 
suggested starting from the west, where the main difficulties are found. 
This was done by Harold Tilman and Jorge Quintcros between 18 Decem- 
ber 1955 and 28 January 1956. They crossed the ice field from Fiordo Calvo 



Figure 40.— Southwestern Tierra del 
Fuego. Taken from Lliboutry (1956). In this 
area are the southernmost Andes, which 
are heavily glacierized (shown in green) 
between Seno Almirantazgo (Fiordo Atm- 
irantazgo] and the Beagle Channel (Canal 
Beagle}. Very little glaciological work has 
been done there because of logistical diffi- 
culties. The access is by ship from Punta 
Arenas (fig. 1), and the area is not inhab- 
ited. The Andes continue eastward but 
have only local glaciers in Argentine terri- 
tory. The access in the east is from the 
town of Ushuaia on the Beagle Channel 
(fig. 1). The thick lines are ridgelines. Some 
geographic place-names are inconsistent 
with those used in the text, and those in 
the text conform to the usage recom- 
mended by the U.S. Board on Geographic 
Names in the gazetteers of Argentina 
(1992a) and Chile (1967, 1992b). 
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Figure 41.— Monte San Valentin in the 
Northern Patagonian Ice Field. A, Monte 
San Valentin, the highest mountain in Pat- 
agonia, taken from the precipitous north 
flank on 27 November 1995. B, Camp for 
the drilling operations on the Northern 
Patagonian Ice Field Ithe accumulation 
area of Glaciar San Rafael) with Monte 
San Valentin in the background in Decem- 
ber 1985. Photograph by Tomomi Yamada. 
Both photographs courtesy of Masamu 
Aniya, Institute of Geoscience, University 
ofTsukuba, Ibaraki, Japan. 




to I ho south arm of L-igo Argent ino and came back (fig. 30). (The CP had 
shown that Fiordo CaJvo is less than lf> km from the ice divide. On the old 
maps available to Reichert in 1914, the nearest fjord was Fiordo Andres at 
35 km.) The many east-west crossings and the north-south crossing from 
Glaciar Jorge Monti to Glaciar Cpsala by Eric Shipton, J. Ewer, C. Marangu- 
nic, and E. Garcia-Soto from 10 December 1960 to 31 January 1961 (Sliip- 
lon, 1963) (fig. 29) were arduous atliletic undertakings but liad little 
scientific value. More useful from a cartographic viewpoint was the official 
Cliilean expedition of 1962-63 led by Lieutenant Colonel Florian Silva- 
Arce. With the patrol ship LAenlW, they explored the Eyre and Exmouth 
fjords (fig. 29). At the Rio de Los Saltos, they found the best way to reach 
the ice field at a snowy plateau christened Meseia del Comnnriaulo 
(CditjHiliniK), a way that avoided Glaciar Hniggen, which is heavily cro- 
vasnd and impassable. They crossed the ice field to Rio Elect rico and 
came back the same way (oral commun., from E. Garcia-Soto and C. Maran- 
gUJUC, who were members of the expedition). Since that time, Japanese 
expeditions have crossed the ice field from Fiordo Exmouth to Glaciar 
I psala (December 1968 to March 1969) (fig. 29) and from Fiordo Falc6n to 
Fiordo Europa (1971-72) (figs. 29, 30). In the following years, two British 
expeditions used sledges that had parachutes as spinnakers. 
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Eric Shipton's expeditions in 1958-59 and 1950-60 (Shipton, 1963) 
had a goal, a unique one, that was to determine the geographic position 
of an active volcano known to exist in the middle of the ice field. Actu- 
ally, Reichert had seen the volcano in 19:3.'*, but he published his discov- 
ery in his memoirs that were not widely read (Keichert. 1947). The 
Argentine expedition trial had christened it Orro Laulnrn in 1952 did 
not recognize it as a volcano. When 1 analyzed the Trimetrogun survey 
aerial photographs of this area, I wrote that "Cerro Lautaro looks like a 
dissected volcano" (Lliboutry, 195G, p. 408), with an unknown crater 
northwest of it. CI also stated that the strange unglaciated area at the lee 
of Cord6n Mariano Moreno could he a maar; tills conclusion proved to be 
incorrect when the feature was visited by Shipton during his first expedi- 
tion ) In my analysis, I had used aerial photographs from Sortie 4 Id of L!:$ Jan- 
uarv 1945 rather than from Sortie 550 of z .lanuarv 1945 On 1 January. 



Figure 42. — Landsat 3 MSS false-color 
composite image of the Northern Patago- 
man Ice Field on 8 March 1979. The 
tephra airfall pattern is visible through 
the clouds on the southwest flank of Cerro 
fVolcan^ Arenales (see fig. 27). Landsat 
image (30368-13444; 8 March 1979; Path 
248. Row 93) is from the EROS Data Cen- 
ter, Sioux Falls, S. Dak. 
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tephra could be seen at the summit of Ceiro (Volcdn) Lautaro on its east 
side Tliree weeks later, the freslily fallen tephra was again covered by snow. 
J. Ewer became aware of t his fact and directed Shipton to the right site on his 
second expedition. The volcano was then emitting vapor and tephra from "a 
black fissure on the northern slope, about 300 feet below the summit." When 
Pedro Skvarca made his first ascent, from the southeast, on 29 January- 1964, 
he found an 80-m-wide depression about 100 m below the summit, and some 
50 m below it , he saw an opening within the ice of 2-3 m in diameter that had 
intense vapor and gas emissions (Skvarca, 1967). On March 1973, Leo Dick- 
inson, Mike Coffey, and Eric Jones made the second ascent. Next they 
climbed a secondary summit about 10 km northward, which they christened 
Cerro Mimosa. They found it to be a fumarolic volcano (Buscaini and Met- 
zeltin, 1989, p. 207). 

I will not review here the many mountaineers who have gone to the 
FitzRoy area and climbed its impressive vertical walls of granodiorite (see 
fig. 38). Those readers interested in technical climbing should refer to the 
excellent, comprehensive book by Buscaini and Metzeltin (1989). The only 
scientific work carried out in tliis area was during the French expedition 
that made the first ascent of FitzRoy in January' 1952 (Mihoutry, 1952) and 
during an expedition by Club Andino Bariloche in 1963 (Puenle Blanco, 
1963a). Cerro O'Higgins, farther to the north, was climbed on 1 March 1960 
by the Chileans Espinoza, E. Garci'a-Soto, C. Marangunic, and R. Vivanco, 
and Cerm Sirffrn was climbed on 28 January 1965 by the Argentines 
Pedro and Jorge Skvarca. The same climbers and others have ascended 
most of the summits around Glaciar Upsala (Arko, 1979), in particular 
Cerro Bertrand, from which the view of fig. 34 was taken. Before becoming 
a glaciologist, Pedro Skvarca had climbed no fewer than 27 virgin summits 
of Patagonia! 

Farther to the south, some glaciological work can be reported. During 
the Italian expedition to Monte Sanniento in Tierra del Fuego, some glacio- 
logical observations were made by Prof. A. Morandini. Nevertheless, the 
ground data that were compiled by Mercer (1967) in the "Southern Hemi- 
sphere Glacier Atlas" are very' meager indeed. 

With the development of tourism, t rekking, and technical climbing in the 
Argentine Parque National de Los Glaciares, the access to the east side of 
the SPIF is now easy. The tourist center. El Calafate, on the south shore of 
Ligo Argenlino, has an airport. Classic tours are available by boat to the 
calving front of Glaciar Upsala and to the lodge at Bahxa Onelli, as well as 
by road to the front, of Glaciar (Perilo) Moreno (figs. 30, 39, 43). During the 
summer, lodges are open at Et Chattel, 13 km southeast of Monte FitzRoy, 
and excellent guides are found there (fig. 29). Two journeys on the ice field 
have become classic: behind the Cerro Torre and Cordon Marconi, as well 
as to the Niniatak del Viedma (fig. 29) (the area that. I erroneously called 
Vulcan Viedma on my first map). This site to the east and in the lee of 
Cordon Mariano Moreno is a local ablation zone because of lower precipita- 
tion (fig. 44). In February 1945, the ice-free area was about 10 knr, includ- 
ing a l-km-wide lake and seven much smaller ponds. A guide recently 
reported that lie found a depression 200 m deep in place of the lake. 'Die 
lake may form and empty periodically, as many ice-margin lakes do. 

On the Chilean side, the departure points for access to the periphery of 
the northern ice field are Coihaique (about lat 45°30'S. and long 72°W.) and 
Chile Chico on the south shore of Lago Buenos .Aires/General Carrera. 
Punta Arenas (about lat 53°10'S., long 70°55'W.) and Puerto Natales (about 
lat 51'40'S., long 72"30'W.) are departure points for visiting the Chilean 
Torres del Paine National Park and the south tip of the SPIF. The Pacific 
Ocean side of this ice field remains difficult to access, and the time of explo- 
ration is not over (for example, sec Hickman and Newton, 1987). 
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Figure 43.— South part of the calving front 
of Glaciar (Petilol Moreno on 27 Novem- 
ber 1993. The glacier touches the opposite 
bank for a short distance. The level of 
Brazo Rico (left) has only risen slightly. It 
drains into Lago Argentino (right) by a 
small subglacial conduit at the very edge, 
a route favored by the orientation of rock 
strata. Photograph by Louis Lliboutry from 
an overlook built by the Parque Nacional 
de Los Glaciares. 



Figure 44. — Nunatak del Viedma from Paso 
del Viento (in Tig. 29) in February 1994. In 
the foreground is the huge lateral moraine 
of Glaciar Viedma; three conspicuous 
tephra bands can be seen on the glacier 
surface. Behind is the Nunatak del Viedma 
with Cordon Mariano Moreno within the 
clouds. Photograph courtesy of Pedro 
Skvarca. Instituto Antartico Argentino, 
Division Glaciologia, Buenos Aires, Argen- 
tina. 



It must be emphasized that today trekking, technical climbing, and 
serious glaeiological work separately demand quite different people and 
logistics. Glaeiological and related meteorological or linmological investi- 
gations have been done mainly by Japanese scientists: Renji Nanise 
(Institute of Low Temperature Science, University of Hokkaido, Sap- 
poro), Chotaro Nakajima (Disaster Prevention Institute, Kyoto Univer- 
sity), Hiroyuki Enomoto and Masamu Aniya (University of Tsukuha, 
Ibaraki), Tetsuo Oliata (Water Research Institute, Nagoya), and many 
others. After preliminary work in 1967, 19(59, and 1981-82, the [Japanese] 
Glaeiological Rest-arch Project in Patagonia studied the NPIF during the 
summers 1983-84 and 198f>-8<>. The Chilean glaciologist Gino Casassa 
joined them and determined ice thicknesses by use of gravimetry In addi- 
tion, Glaciar Tyndall, in the SPIF, wits studied (Naruse and others. 1987; 
Kadota and others, 1992). Since 1990, with the collaboration of the 
Argentine glaciologist Pedro Skvarca, two other large glaciers of the SPIF 
have also been studied, Glaciares (Prrito) Moreno and Upsala, All the 
results have been published by the Data ('enter for Glacier Research of 
the Japanese Society of Snow and Ice, first as ad hoc publications 
(Naruse, 1983; Nakajima, 1!)8T>) and then in it* Bulletin of Glacier 
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Research, nos, 4 (Naruse, 15)87), 10 (Naruse and Aniya, 1992), and 13 
(Nanise and Aiiiya, 1995). A comprehensive review of glaciological stud- 
ies in Patagonia was published by Warren and Sugden (1993). 

Glaciological Observations on the Northern Patagonlan Ice Field 

The HOO-m-widc Rio de la Colonia valley is flooded each summer by the 
outburst of an ice-dammed lake, a fact that has destroyed any hope of a 
permanent settlement (colonia) there (southeast side of NPIF, fig. 27). The 
Trimetrogon aerial survey first documented the location of the lake 2 kin 
from the glacier terminus, on the right bank of the glacier. It is crossed by 
an arcuate terminal moraine, hence its name of Lugo Arco. Landsat MSS 
images of 25 February 1976 and 8 March 1979 (table 8 and fig. 42, respec- 
tively) show a situation just after a flood, when dry land is downstream of 
the arcuate moraine. They also show that a second lake, 9 km from the gla- 
cier terminus on the left bank of Rfo de la Colonia, was partially drained on 
those dates; thus, tliis lake also contributes to the Hooding. A Japanese- 
Cluiean expedition headed by Professor Tanaka, which made the first 
ascent of Cerro (Vblcdn) Arenales in 1958, studied the flood problem 
(weekly "Ercilla" of 2 April and 21 May 1958: Tanaka, 1980). 

Supraglacier debris produced by rockfalls and avalanches on two gla- 
ciers south of Cerro (Volcdn) Arenales has been used to calculate the gla- 
cier surface velocity between two dates of Landsat MSS images (25 
February 1976 and 8 March 1979). The surface velocity was about 200 m a~ 
1 on Glaciar Pared Norte, at its elbow near the right bank, and about 260 in 
a"' on Glaciar Pared Sur (fig. 27). Velocities can also be inferred from wave 
ogives forming at the foot of ice falls (Lliboulry, 1957). These data are of lit- 
tle interest as long as glacier thicknesses remain unknown. 

Glaciar Soler is the only east outlet of the NPIF that has been thor- 
oughly studied (Aiuya and Naruse, 1987; Casassa, 1987; Naruse, 1987). 
At the foot of its ice fall, wave ogives show that the surface velocity in 
the middle of the glacier is 300 m a" 1 . It decreases progressively down- 
stream on the tongue, At 1.5 km from the ice fall, the surface velocity is 
200 m a" 1 . At that point, the glacier is 1,590 m wide and has a maximum 
thickness of 575 m. Bottom sliding probably accounts for one-third of 
the surface velocity, whereas near the terminus, where the ice is thin- 
ner, it accounts for 90 percent. At the equilibrium line, found at 1,350 
m in the ice-fall area, the Glaciar Soler discharges about lxlO 8 m 3 a"' of 
ice from an accumulation area of 36.4 km". 

The drift in the proglacial area and in ice-cored moraines consists mostly 
of well-rounded gravel and boulders, which the glacier has picked up from 
an outwash plain (Aniya, 1987). Similar forms have been observed, some- 
times akin to eskers, in the Cciitml Andes (Lliboutry, 1958). 

On the west side of the NPIF, interest has focused on Glaciar San Rafael, 
which is one of the fastest flowing ice streams in the world. It has a calving 
ice cliff 3 km long and 30-70 m high above the tidal Laguna San Rafael (a 
circular lagoon about 15 km in diameter that is limited by a Holocene 
moraine (Heusser, 1960), which was reached again during the "Little Ice 
Age") Velocities at the terminus were measured in the summer of 1984 by 
Kondo and Yamada (1988). More detailed investigations, including bathym- 
etry and monitoring of calving rates, were done by Warren and others 
(1995) in February 1991 and February 1992. Lastly, velocities more than 17 
m d -1 were determined in October 1994 by Rignot and others (1996a, b). 
They used a National Aeronautics and Space Administration imaging radar 
(SIR-C) on board the space shuttle at an altitude of 175 km that employed 
a radar-interferometry technique. 

Over its last 18 km, Glaciar San Rafael has a very regular slope of 5.7 per- 
cent. A rule of thumb estimation of its mean tliickness is 1 1.3 m/0 057=200 
m. Nevertheless, it probably exceeds 300 m in thickness along its axis, 
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where a fast ice stream is found. However, the transversal profile of the bot- 
tom of Laguna San Rafael near the calving front is concave, and lias a maxi- 
mum depth of 272 m at the middle. In this ice stream, surface velocities are 
about 3.0 m d" 1 all along a 12-km distance. Only about 1.0 m d~' can be 
explained by ice deformation, and about 2.0 m d" 1 comes from sliding. Such 
a large sliding velocity has never been observed over such a long distance in 
temperate mountain glaciers, even at the climax of the melting season On 
the last 6 km, the ice stream speeds up. progressively but dramatically, 
reaching 17.0±0.2 m d"' at the calving front Such a large velocity has only 
been observed during some glacier surges, but. in this case, it is not a surge; 
the velocities were about the same in 1984, 1991, 1992. and 1994. The flux 
of ice that is calved amounts to 2,170,000 in' d" 1 (Warren and others, 
1995). Glaciar San Rafael can well provide this amount of flux continuously 
on an annual basis because it corresponds to an ice layer about 1 .35 ru thick 
over the entire accumulation area (585 km''), several times less than the 
mean niass balance in this area. The acceleration area 6 km from the 
front is probably where the bed becomes lower than the surface of 
laguna San Rafael, and the water pressure in the subglacier cavities 
begins to increase. 

Glaciological Observations on the Southern Patagonian Ice Field 

Among the west-calving glac iers of the SPIF, Glaciar Brtlggen (Pio A7) is 
the only one where velocities have been measured (Rivera and others, 
1997). At four points (S3 to SO) in its central part, at 1.4 to 2.7 km from its 
calving front, in Kiordo Byre, the mean veloc ity ranged from 15.2 to 30.8 m 
d" 1 on 14-17 November 1995. These velocities are faster than at Glaciar 
San Rafael, but they oscillate much more. No precipitation fell during these 
4 days, and air temperatures were higher on 15-16 November 1995. There- 
fore, the doubling of the sliding velocity seems to have been caused by sur- 
face melting. Meltwater reaching the bottom probably does not drain off 
easily. 

Glaciers calving into east lakes do not flow as fast (Naruse and others, 
1992). Ill November 1990, the velocity of Glaciar I'psala at about 4 km from 
the front was 3.5-3.7 in d" 1 , and the velocity of Glaciar (Perito) Moreno at 
4.5 km from the calving front was about 2,0 in d '. 

A puzzling feat ure on the SPIF is the presence of looping bands of volca- 
nic tephra that were discovered from the Trimetrogon aerial photographic 
surveys (figs. 45-48). We now know that the tephra originates from Cerro 
(Vnlcav) Lautam (lat 49°0rS., long 73'33'W.; 3,380 m). The explorers of 
Patagonia during t he years 1867 to 1878 were told by natives on t he Argen- 
tine side that an active volcano was present within the ice field. On the Chil- 
ean side, lx>rd Thomas Brassey, on board his yacht Snniram along Canal 
Messier, observed a fall of t ephra in 1876, and the officers of the American 
corvette Omaha reported in 1878 that they had seen an active volcano 
within the ice field, which they called Humboldt (Marlinic, 1982). In recent 
times, Cerro (Volcdn) LuuUux> has had five documented eruptions: 

(1) 1933 (seen by Reichert (1947); compare Shipton (1963. p. 38-39) 
and Agostini (1945, p. 24)) 

(2) January 1945 (documented by Trimetrogon survey flight, aerial 
photograph 556-LM24) 

(3) January I960 (reference in Shipton (1963, p. 73)) 

(4) 1972 (evidence reported by farmers to C. Marangunic, oral com- 
mun.) 

(5) June 1978 (evidence reported by farmers to C. Marangunic, oral 
commun.) 

Landsat 3 KBV (311308 13450 \), Path 248, Row 94; 30308- 13453-B, 
Path 248. Row 94) anil MSS (30.308 13450. band 5 ; Path 24S. Row 04) 
image's taken mi 8 March 1!»7<> show (he tephra airt'all pattern extending 
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Figure 4S. — Trimetrogon (oblique) aerial 
photograph 410-fi-219 taken on 23 Janu- 
ary 1945 showing three bands of tephra 
on Glacier Chico; the uppermost one IV 
is definitely below the firn line. The ice- 
capped mountain on the right is Cerro 
Gorra Blanca. 



1 10 km south of the volcano (figs. 49-51). The pattern covers a wider area 
when seen in MSS Ixand 5 (visible) than when seen in MSS band 7 (near- 
infrared). The location of the tephra poses intriguing questions. The first is 
how, with the exception of a small spot east -southeast of Om> (V'otniii) 
LoutOTO, tephra covers the southwest slope of the volcano and extends to 
the south in a region where the prevailing wind direction is almost always 
from the southwest or northwest. Considering 1 he fact that Cerro (Votcan) 
Arenales to the north had tephra on its southwest Hank on the same day 
(fig. 42), two possible explanations are that (1) both eruptions, at two vol- 
canoes 205 km apart, look place at about the same period during a north- 
erly to northeasterly wind direction, or (2) westerly winds liave blown off 
any posteruption deposit of snow on windward slopes and only uncovered 
tin' tephra layer on that side of the volcanoes. 
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The second question is how tephra, at first disseminated over a wide 
area, becomes concentrated into narrow bands. Figure 52 shows that a 
tephra layer is formed, becomes embedded within the ice, and appears in 
the ablation zone as a dark layer in the ice. Next, rain and running mcltwa- 
ter wash the tephra from the ice surface, and only a narrow belt contiguous 
to the emergence line is left. I called this kind of banding "sedimentary 
bands'" (Lliboutry, 1957). According to Williams (1970), this sequence 
probably takes place on the outlets of Vatnajbkull (Iceland), where similar 
layers of tephra are observed. 

All the outlet glaciers around Cerro (Volcdn) Lautam exhibited three 
tephra bands in 1945 (figs. 45-47) (Lliboutry. 1957, figs 32 and 41). The 
bands may he recugui/.ed mi satellite images and might l» j used in the 
future to calculate (1) ice velocity and (2) the interval of time between the 



Figure 46. — Trimetrogon (oblique) aerial 
photograph 410-R-206 taken on 23 Janu- 
ary 1945 showing three transverse bands 
of tephra on Glaciar Viedma. Although 
the photograph was taken at the same 
time as that of figure 45, the uppermost 
tephra layer f1) is located at the fim limit. 
Glaciers in the left background are in the 
drainage basin of Rio Tunel. The pass 
through which F. Reichert gained access 
to the ice field in 1916, called Paso del 
Viento, is clearly visible. In the fore- 
ground is Nunatak del Viedma, which I 
originally mistook for a crater. 
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Figure 47 — Trimetrogon {oblique) aerial 
photograph 556-L-105 taken on 23 Janu- 
ary 1945 showing three bands of tephra on 
Claciar Occidental and, flowing to the 
right, Glaciar Grave. In the right back- 
ground is Cerro IVolcan) Lautaro, which 
obscures the white cone of Cerro Pirimide 
(just to the left) and the foot of Cerro Gorra 
Blanca. In the center background is Glaciar 
O'Higgins and Cerro O'Higgins on its left. 
The black peak in the left background is 
Cerro Steffen 13,056 m), mistaken by de 
Agostini as Cerro Mellizos. 



big eruptions that produced the teplira layers. Because southerly winds are 
almost unknown in the area, the presence of the three characteristic tephra 
layers north of Cerro (Volcdn) LmUaro indicates that ice flows toward the 
north. Conversely, the finer bands found on Glaciar I'ascua (figs. 29, 48) 
cannot have formed from the same eruptions because they have a quite dif- 
ferent pattern. Perhaps they represent tephra whose origin is from Cerro 
(\'<>lcrin) Arenalrs? 

In piston cores recovered from the bottom of Lig/O Argentino, near Gla- 
ciar {Prrito) Moreno (fig. 30), three layers of tephra have been discovered 
(del Valle and others, 199f>). They probably do not correspond to the three 
bands of tephra just discussed. First, the two upper bands are much thicker 
(12 cm and 9 cm, respectively) than the third one (1 cm). Second, if we 
assume a constant rate of sedimentation, the same as the one that has been 
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accurately determined during the last 71 years, the three big explosive 
eruptions should have taken place in A.D. 1200, 1520, and 1G20. The lephra 
layers that are observed today at the surface of the SPIF are obviously 
younger. In my opinion, they were ejected during the 19lh century. 

Mass and Energy Balances of Glaciers 

In southern Patagonia, precipitation is equally distributed throughout 
the year, without the maximum in winter that is observed farther to the 
north. Whether the precipitation falls as rain or snow depends on the air 
te mp er a ture, which ranges in general between 2 U C and 1:1 C at sea level 



Figure 48, — Trimetrogon (vertical) aerial 
photograph S56-V-14 showing several 
thin tephra layers on Glaciar Pascua. I 
suggest that the source of the tephra is 
not from eruptions ofCeno (Volcan) Lau- 
taro but rather from Cerro (Volcan^ 
Arenales, 150 km to the north-northwest. 
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Figure 49.—Landsat 3 RBV image of the Southern Patagonian Ice Field on 8 
March 1979. Tephra airfall is visible from the west slope of Cerro (Volcan) 
Lautaro south to Meseta Caupoiican (first named Comandante), a distance of 
more than 32 km. On the left border, in the middle, is Lago Greve. Landsat 
image (30368-13450-D: 8 March 1979, Path 248, Row 94) is from the 
EROS Data Center, Sioux Falls, S. Dak. 
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Figure SO.-Landsat 3 RBV image (30368-1 3453-B; Path 248, Row 94) of 
the central part of the Southern Patagonian Ice Field taken on 8 March 
1979. Tephra from Cerro (Volcan) Lautaro can be seen on the west side of 
the ice field in the vicinity of Fiordo Falcon and Fiordo Penguin, 110 km south 
of the volcano. On the east side, medial moraines and looped bands of 
tephra on Glaciar Viedma and Glaciar Upsala are visible. Landsat image is 
from the EROS Data Center, Sioux Falls, S. Dak. 



1180 SATELLITE IMAGE ATLAS OF GLACIERS OF THE WORLD 

Digitized by Google 



Figure 5t—Landsat MSS false-color com- 
posite image of the Southern Patagonian 
Ice Field Isee fig. 29). In this image, tephra 
is visible more than 50 km to the south (A) 
and also as an isolated spot on Corrector 
Hickon (B), 15 km to the east-southeast of 
Cerro (Volcan) Lautaro. A thin fog covers 
the ice field. Landsat image (30368-13450. 
band 5; 8 March 1979; Path 248, flow 94) is 
from the EROS Data Center, Sioux Falls, S. 
Dak. 



The 0°C isotherm varies accordingly between 700 m and 2,500 m. During 
summer, ram is more frequent on the ice fields than snowfall, and when 
snow does fall, it is very wet and heavy. 

For the preceding reason, and not only because of melting, annual mass 
balances in the accumulation area, although almost unknown, are certainly 
much lower than the 6 to 7.5 m of precipitation. At 1,296 m above sea level 
on Glaciar San Rafael in the NPIF, coring down to 37.fi m revealed the mean 
mass balance to be .3.45 m of water equivalent per year (Yamada, 1987; 
Yamada and others, 1987), whereas the equilibrium line has been estab- 
lished to be about 250 m lower — at least at 1,050 m (Club Andino Bar- 
iloche, 1954). Thus, the activity coefficient should be at least 1.5 in per 100 
in of difference in elevation. Many ice crusts and ice layers were found in 
the cores. At the end of November 1985, the firn had a density of 0.50 near 
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Figure 52 — The second tephra band of the 
three observed within layers in depression 
crevasses on Glaciar Viedma during the 
reconnaissance made in late February 
1994. The person on the left provides scale. 
Photograph courtesy of Pedro Skvarca, 
Instituto Antartico Argentino, Division Gla- 
ciologia. Buenos Aires, Argentina. 



the surface and turned into impermeable ice at a depth of 26.7 m. Over this 
ice was an aquifer 2.8 m thick, as well as a "'water-soaked layer" (owing to 
capillarity) 5 m thick. 

The preceding observations confirm tluit the ice fields of Patagonia are 
entirely at the melting point (temperate), except at the higl>est summits. They 
are quite similar in their size, ELA, and velocities to the temperate ice fields of 
southern Alaska (Bagley, St. Elias Mountains, and Juneau Ice Fields). They 
have less dissymmetry between their sides, however, because the summits are 
about 1 ,000 m lower. 

On theSPIFat 2,680 m above sea level, Aristarain and Delmas (1993) found a 
mean mass balance of only 1 2 m wat er equivalent per year by coring to a depth 
of 13.7 m, whereas the equilibrium line on Glaciar Moreno nearby is .it 1,150 m 
At this elevation, many ice crusts and some ice layers continue to be found, 
which testifies to frequent episodes of melting. Such large differences in accumu- 
lation come from (he persistent and very strong easterly wind, wliich causes dry 
winter snow to drift. Consequently, accumulation is not a constantly increasing 
function of elevation. On the other liand. the lughest peaks and needles that 
remain most of tlie year within the clouds are capped by fantastic miishrooms of 
ice. rime, and snow and have overhangs that can exceed 10 m. They haw caused 
the rock climbing attempts of many first -class alpinists to end in failure. 

Measured negative balances in the ablation zone are more consistent . On 
Glaciares (Prritn) Moreno and Upsala, the balance is -12.5 m of ice a"' at 
350 m, whereas it is zero at 1,150 m (Naruse and others, 1995: Skvarca, 
Satow, and others, 1995). Thus, the mean balance gradient in the ablation 
zone is 1.56 ma" 1 of ice per 100 m of elevation, a very high value. The very 
negative balances of the ablation zone and calving at the front together 
explain the high values of the accumulation area ratio (AAR). 

Values of the AAR on the SPIF nave been determined from Landsat TM sat- 
ellite imagery by Aniya and others (1996). The values span a wide range 
because uf local factors (even deleting one very low value. 0.25, which might be 
an error). For tidewater glaciers (13 values in total), the AAR ranges between 
0.66 and 0.97 and has 0.864 as a mean. The values close to one, denoting that 
almost all the discharge of ice disappears by calving, explain why some fjords of 
the Pacific coast, such as Fiordo Falcon (fig. 29). are crowded with icebergs 
and growlers and are closed even to small boats. For the ot her glaciers (14 in 
total, including Glaciares Ofhidro, Bernardo, and Occidental (tig. 29), which do 
not reach the sea as indicated in the table in Aniya and others (1990)), the 
AAR ranges between 0.58 and 0.87 and has 1 1 7 Mi ;is a mean. On the N'PIF, the 
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TMU£ 10 — Energy balanrra on ablation zone* of the Palagonian Andes 
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mean value of the AAR Is only 0.63 (Aniya, 1988). In the European Alps al the 
beginning of the century, the AAR was 0.75 according lo Penck and Bnickner 
(liiboutry, 1965. p. 444), but it is much less today, often less tlian 0.60. 

Energy balances liave been determined by Ohata and others (1985) and 
by Fukami and Naruse (1987) on two ablation zones of the NPIF; later, by 
Takeuchi and others (1995) on two ablation zones of the SPIF. Measure- 
ments were done at low elevations, during periods of 2 to 14 days, in sum- 
mer. Given the very large variability of the different terms of the balance 
(excepting the energy emitted in the thermal infrared by melting ice), ttiis 
sampling cannot be extrapolated to the whole ablation season nor to the 
whole ablation zone The results arc very interesting, however, and are 
given in tabic 10. 

On leeward Glaciares Soler and (Perito) Moreno, a kind of fdhn blows on 
some days (indicated by asterisk in table 10). This is a wind that has 
warmed by losing a large percentage of its moisture on the windward side 
of the mountain. Its dew point remains more than 0'C, however, and thus, it 
conveys latent heat to the melting ice surface. On Glaciar San Rafael, a 
katabatic wind at the surface blows westward, in the opposite direction of 
the wind at higher altitude (Inoue, 1987). This air has been cooled by con- 
tact with the glacier, but when it reaches the site of the measurements, it 
lias been wanned by adiabatic compression. 

Historic Fluctuations of Outlet Glaciers from the Pat- 
agonian Ice Fields 

Northern Patagonian Ice Field 

Laguna San Rafael was discovered in 1675. The glacier that bears its 
name did not reach the lagoon at that time, It probably reached it at some 
time between 1741 and 1766 (Casassa and Marangunic, 1987), and it has 
maintained a calving front since then. It has been inferred from actual gla- 
cier velocities that the lagoon extends 6 km eastward or the 1994 calving 
front. 

The first documents on Glaciar San Quintin followed a visit by NJorden- 
skjold in 1921 and another by Briiggen in 1935. Its front had receded by 2 
km between those dates (Miboutry, 1956). Between 19:19 and 1959, it 
advanced by 2.3 km. Between 1959 and 1992, it receded by 3.7 km (War- 
ren, 1993). Comparison of the oscillations of Glaciars San Quintin and San 
Rafael were made by W inchester and Harrison (1996) using dendrochronol- 
ogy 

Variations or all the outlet glaciers of the NPIF have been determined 
from Trimetrogon aerial photography acquired in January and February' 
1945, as well as from Uivlsat MSS imagery of 1974-75 and 11185-86 (Aniya, 
1988, 1992). Ilirano and Aniya (1996) compared MSS Lunlsat imagery of 
1987 and Russian satellite photography (KFA-10U0) or 1988 War la and 
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Expl«radon-»»(Sai>ValwUneas») -0.53 -3.10 
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southwest am. -1.20 -17.19 

West side (from nortk to sooth) 

Gualas north -.43 -3.00 

south -.57 -2.86 

San Rafael -11.87 -40.10 

-25.00 -23.57 

-2.20 -1.43 

HP\-1 , ........ — f>,83 -0.76 

HPN-2 -4.70 -8.22 

HPN-3 -.73 -7.81 

South side (from west to east) 

Steffen -8 07 -14.67 

I iscis* ■■ it ■> T-. - -•- — - 1 .6J» .10 

Pared Sur* -4.73 -120 

Pared Norte -3.23 -1.52 

East side (from south to north) 

delaColonia -3.23 -UK 

t fl.flCi - 0.4tS 

Net -4,87 -13,24 

Soler -1.27 -3.57 

Leon -.07 -2.44 

Fiero -.50 -1.33 

Tulal of the NPIF -02.9 -174.2 



Aniya (15)95) and Aniya and Wakao (11)97) used oblique aerial photographs 
taken by hand-held 35 mm cameras in 1990-91 , 1993-94, and 1995-96. The 
variation in areas between 1945, 1975, 1986, 1991, 1994, and 1996 are given 
in a paper by Aniya and Wakao ( 1997). To smooth out the short-term irreg- 
ularities and to obtain smoothed data pertinent to climal ological studies, 
the mean recession rates bet ween 1945 and 1975 (30 years) are compared 
in table 1 1 with the ones between 1975 and 1996 (21 years). It appears that 
all outlet glaciers are receding and that the recession rales increased after 
1975, except for four glaciers on the southeast, which are not outlet gla- 
ciers of the ice field. 

The area of the NPIF in 1945 was 4,400 km 2 , according to Lliboutry 
(1956). In 1975. it was 4,200 km 2 , according to Aniya (1992). Because the 
area of the NPIF was measured on different maps by different aut hors, it is 
difficult to judge the accuracy of the change. According to Aniya and Wakao 
(1997), the change between 1945 and 1975 has been only -28 km 2 (and 
-37 knr between 1975 and 199(5). The general recession of the Patagonian 
ice fields is probably related to a general warming by 0.4°C to 1.4°C since 
the beginning of the century south of lal 46°S. and to a decrease of the pre- 
cipitation on the Pacific- Ocean side of the ice field by as much as 14 m a" 1 
(Roseiiblutli and others. 1995). 
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Arnalla 190 -33.4 -17.54 

Thiol of the SPIF 13,500 -500 -3 70 



Southern Patagoniai) Ice Field 

In 1952, glaciers of the FitzRoy group had not varied significantly since 
Father de Agostini had taken pictures of them 20 years before (Lliboutry, 
1953). In contrast, during this same period of time, the recession of many 
alpine glaciers had been impressive. Nevertheless, such ground observa- 
tions cannot yield a global picture of the beliavior of Patagonian ice fields. 
This can be attained only by the use of aerial photography and satellite 
imagery* 

Aniya and others (1997) published the variation in area of most glaciers 
of the SPIF between the summer 1944-45 (Trimetrogon aerial photogra- 
phy) and the summer 1985-86 (Landsat imagery). I>uring these 41 years, 
the areal variation of the SPIF was -3.7 percent. In contrast, the area! vari- 
ation of the NPIF during these same years was only -1.0 percent (Aniya 
and Wakao, 1997). The variations of the largest glaciers and of those that 
deviate the most from this mean are given in table 12. 

The nonstandard cases of Glaciar Briiggen and Glaciar (Pcrtto) Moreno 
are presented below. The advance of Glaciar Briiggen created a lake in the 
1960s, and the large recession of Glaciar Greve is probably because its 
tongue became afloat in this lake The most dramatic recessions are those 
of Glaciar O'Higgins in Lago San Martin/O'Higgins and of Glaciar Amalia, a 
tidewater glacier at lal50°57'S, Between 1945 and 1986, their calving fronts 
receded by 1 1.2 km and 7 km, respectively 

In 1914, explorers found the upstream, uncrevassed part of Glaciar 
O'Higgins on the same level as its lateral moraine (Shipton, 1963). In 1933, 
the ice was lower than the moraine by 60 m, and in 1959, when the reces- 
sion was at its climax, it was lower by 240-300 m. The fast recession 
between 1945 and 197K (about 400 m a -1 ) probably resulted from the ice 
tongue's becoming afloat. Between 1978 and 1986, the recession stopped 
(Casassa and others, 1997), probably because the terminus again became 
completely grounded. The grounding line cannot reinain where the subgla- 
cier terrain has a reverse slope, and thus, the glacier terminus conuiionly 
recedes by fits and starts. Mercer (1961) suggested the width of the fjord as 
another reason for its tiistory of irregular fluctuation. 

The large differences in variation among the glaciers of the SPIF contrast 
with the more uniform behavior of the glaciers of the NPIF. The main reason is 
tliat the SPIF has many nwre calving fronts of outlet glaciers than the NPIF. 
Wherever glaciers that have calving fronts are used to monitor climatic changes, 
only the mean variation during 20 years or more should be considered. 
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Some outlet glaciers consist of two ice streams side by side that have dis- 
tinct, individual flow regimes. The east, main ice stream or Glaciar Jorge 
Monti, which reaches Fiordo Calen, lost 4.2 knr between 1945 and 1986. 
whereas the west one, which does not reach the fjord, lost 25 4 knr 
between these dates. 'Hie west ice stream of Glaciar Upsala receded contin- 
uously between 1945 and 1986, whereas the east one advanced between 
1968 and 1978 and later receded rapidly (Aniya and Skvarea, 1992). The 
accumulation zone of this east stream has lowered by about 80 m belween 
the sixties and 1993 at a training site for landing on snow (guide Claudio 
Schurer-Stolle, oral commun). 

After 1986, data are less complete. On the east side of the SPIF, Glaciar 
Amegliino has continued to recede by 0.1 knr a" 1 , as it had previously 
(Aniya and Sato, 1995c), whereas the recession rate of Glaciar Upsala lias 
increased by four times. After a maximum rate in 199:1-94 (7(X> m a" 1 ), the 
recession almost stopped in 1994-95 (Naruse and others, 1997) (fig. 5'J). It 
lost l(>.-'5 knr between 1986 and 1995 (Aniya and others, 1997). Its large 
icebergs, dispersed by the wind, can be seen throughout l*igo Argentino 
On occasion, they impede the entrance of tourist boats into I he west arm. 

The recession of Glaciar Viedma has become significant but remains very 
low: 500 m between 1986 and 1994. It caused the outburst of an ice- 
danuued lake in 1994, as documented by X-Band Synthetic Aperture Radar 
(X-SAR) images (Skvarea, Rott, and Stuefer, 1995). Nearby in the FitzRoy 
group, Glaciar Grande has receded, wluch has allowed the bedrock to 
appear in the middle of the calving front since 1990. On FitzRoy itself, fac- 
ing west, was a very steep couloir of ice, the *'supercanalela," by which 
Argentine climbers made the second ascension, digging grottos into the ice 
to bivouac. By 1993, all this ice had disappeared (guide Alberto del Castillo, 
oral commun., and visual inspection by the author from a helicopter, cour- 
tesy of the Argentine authorities). 




731BW 



7317 



73 16 



7T15 



Figure S3.— " Front margins of Glaciar Upsala. The front 
positions of 1968 (November) and 1981 (February) were 
determined by vertical aerial photographs and that of 
1986 (January) by Landsat Thematic Mapper (Aniya and 
Skvarea. 1992). The 1990 (November) position is based on 
observation from the east bank and the proglacial lake 
/Brazo Upsala/. which has been modified from the front 
position shown by Aniya and Skvarea (1992). The 1993 
(November), 1994 (December), and 1995 (December) 
positions of the front and the east margin were measured 
by conventional angle surveys from the control point (cp) 
on the east bank to prominent points at the terminus, as 
well as by Global Positioning System (Trimble Pathfinder 
Basic receivers) surveys at some points on the ice-rock 
boundary. R indicates a bare-rock ridge (extent shown by 
dark grey) seen along the east glacier margin in 1993, 
which was almost covered with ice in 1990; ch indicates a 
lateral water channel; and i indicates an island (extent 
shown by light grey} as seen in 1986 at the glacier front." 
Taken from Naruse and others, 1997, fig. 2, p. 39. 
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Holndund and Fueiucalida (1995) compared aerial photograpliy of Cor- 
dillera Darwin taken in 194:1-44. I960, and 1984-85, They also visited the 
area in 1993-94. During all tliis time, in general, glaciers have receded 
slowly on the order of -1.0 m a -1 . Nevert heless, the front of the largest gla- 
cier, Glaciar Mannclli (142 knr), receded by -0.2 km between 1943 and 
I960 and by -5.0 km between 19(30 and 1993. Probably the front or this 
tidewater glacier l>ecame afloat. On the other hand, during the second 
period of time, three out of the six glaciers flowing to the southwest into 
Bahia Pia (an embayment of the Beagle Channel) advanced by +0.2 to +0.4 
km in 33 years. 

In the Cordillera Darwin area, cyclonic fronts are less active than in the 
SPIF, and thus, annual precipitation is lower The cyclones, which cross the 
Drake Passage to the south from northwest to southeast, are generally 
occluded systems and provide precipitation in their lee. Therefore, snow- 
falls are accompanied by southwest winds. In the SPIF, which runs north to 
south, a strong dissymmetry is found in the precipitation from west to east. 
In Cordillera Darwin, which runs northwest to southeast, the same dissym- 
metry is recorded from southwest to northeast. 

The met eorological station at Punta Arenas (figs. 1 and 3) has monitored 
temperature and precipitation on the leeward side of the region (the semi- 
arid pampa) since the beginning of the century. Mean annual temperature 
has increased by only 0.3°C, and precipitation (about 400 mm a -1 ) shows 
no significant trend. The data from the lighthouse of Islas Evangelistas, at 
the west entrance of the Strait of Magellan, show an increase in mean tem- 
perature by about 1°C and a decrease in mean precipitation from about 
3,000 nun a -1 to about 2,000 mm a" 1 . Holmlund and Fuenzalida (1995) sug- 
gest that the same trends hold for the southwest, windward side of Cordil- 
lera Darwin. Given that its glaciers have been more or less in equilibrium, 
such is probably not the case. 

Contrasting Behaviors Due to Glacier Geometry 

Aniya and others (1997) did not find any correlation between the varia- 
tions of the SPIF glaciers and latitude, accumulation area ratio (AAR), total 
glacier area, or surface gradient at the equilibrium line. The first absence of 
correlation is not a surprise: around lat 50°S.. the variation in climate with 
latitude is insignificant compared to the climate variation between the 
windward and leeward sides of the Andes. The three other factors that can- 
not be correlated are discussed as follows: 

AAR. Glaciers that have smaller AAR's would be expected to recede, and 
the opposite would be true for glaciers that have larger AAR's. However, the 
history of variation ui AAR for SPIF glaciers does not meet tlus expected 
norm. Two classes of outlet glaciers have been distinguished: tidewater gla- 
ciers and glaciers that terminate on land. In 1915 among tidewater glaciers, 
the lowest AAR's were for Glaciar Asia (0.65) and Glaciar Amalia (0.6(5). 
The very large recession of Glaciar Amalia has raised its AAR to 0.80, its 
standard value. The surprising fact is that, up to 1986 at least, the recession 
of its neighbor, Glaciar Asia, has been insignificant . As for glaciers t hat calve 
into lakes or that lack a calving front, their mean AAR in 1986 was 0.736. 
The three glaciers of this kind that had the largest recession between 1945 
and 1986 are Glaciar Lucia, whose AAR increased from 0.66 to 0.72, Glaciar 
Greve (0.62 to 0.67), and the west stream of Glaciar Jorge Monti (0.70 to 
0.75 for the entire glacier). In contrast, with smaller AAR's of 0.62, Glaciar 
Tyndall had a normal recession, and Glaciar Grey, a small one. Glaciar 
Viednia, having an AAR of 0.58, did not recede at all. 

Total glacier area. Table 12 shows that even the relative change in area 
is not correlated with the total glacier area. The most important variable is 
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the glacier length because of the well-known lag in time between any 
change of the mass balance and the response of the front. The response 
may be considered as the sum of kinematic waves starting from all I he 
points of the glacier, and the velocity of these waves is independent from 
the glacier area. In the case of Glaciar Upsala, its east stream, which is 
about 60 km long, should lag in time behind its west stream, which is fed by 
tributaries 10-15 km long 

Surface gradient. As a first , rough approximation, kinematic waves may 
be ignored The discharge of ice through a fixed cross section near the gla- 
cier terminus, whic h governs the position of this front, equals the sum of 
the mass balance over the entire glacier surface. With ^ denoting the sur- 
face elevation, S{z) the area from the cross section, and b(z) the mass bal- 
ance, the disc harge is / b (dS/ite) The variat ions of the discharge depend 
on the surface gradient (dS/cte), where the variations of b are the largest. In 
Patagonia, the? main factor in the variations of b is a change in the mean alti- 
tude of the rain-snowfall limit (mean RSLA). Aniya and others (1997) con- 
sider implicitly tliat the mean RSLA is the ELA. but tlus assumption is 
questionable. In Patagonia, the RSLA ranges from nearly sea level in winter 
to 2,600 2,700 m in February, and precipitation falls all year and has com- 
parable monthly totals. Therefore, the statistical distribution of the RSLA 
and the whole hypsography of the glacier arc involved, not only dSftz at 
some elevation. 

We have no statistics of the RSI.A for a full year in the Patrigonian 
Andes. An estimate of its mean value might be drawn from the contrasting 
behaviors of Glaciares (Perito) Moreno and Upsala, the only ones whose 
hypsographies have been published (.Aniya and Skvarca, 1992). If the high- 
est 10 percent and the lowest 10 percent of their areas are ignored, the ele- 
vation of the surface of Glaciar {Perito) Moreno ranges between 530 m and 
2,130 m, and the median elevation (50 percent of the area above and 50 
percent below) is 1,560 m. whereas its ELA (in 1986) was at 1,150 m, Gla- 
ciar Upsala, over 80 percent of its area, ranges between 800 m and 1 ,800 m, 
and its median elevation is 1.290 in, whereas the ELA is at 1,200±50 m. 
Because Glaciar {Perito) Moreno is more or less in equilibrium and Glaciar 
Upsala has receded at an accelerating rate, we suggest that the difference 
between the median elevation and the VAJK is critical. 

The Unusual Case of Glaciar Bruggen (Pio AT) 

The first records about glacier termini in both Americas came from 
Spanish seamen who, starting from Valparaiso, Chile, tried to pass through 
the Strait of Magellan in a direction opposite to that traveled by Magellan in 
1520. (Remember that no other way into the Atlantic Ocean was known 
until 1578.) Francisco de Ulloa in 1553 and Cortes Ojeda and I^adnllero in 
1557 (both captains of slups sent by Governor Garcia Hurtado de Mendoza) 
all made the same error. They entered Estrecho de Concepei6n (Canal 
ConeeiKMon) thinking that it was the Strait of Magellan (Estrecho de Magal- 
lanes), whose entrance is 200 km farther south (see fig. 54). The fact that a 
series of channels and a fjord (Fiordo Eyre) ran northeast or north-north- 
east instead of southeast did not induce them to turn around until they 
were stopped by the calving front of Glaciar Bniggen, which was as 
advanced as it is today. In 1993, Rivera, Aravena. and Casassa (1997) found 
trees up to 524 years old (Cipres de las Guaitecas, Pitftemdendmu 
urij'mtm) close to the glacier margin, north of the mouth of Fiordo 
Exmouth. Thus, since at least 1469. Glaciar Bruggen has never advanced as 
far southward as in recent times (fig. 55). 

No other visit to Fiordo Eyre is known until the one by Captain Parker 
King on board M M S. toxtgle in 1X30. 11c described h'io Gr-rr as flowing at 
the head nf the fjord ov. r flat land from Glaciar Grew, but no calving front 
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Figure 54. — Southern Patagonia showing towns and some 
meteorological stations that are referred to in the text. 
Numbers between brackets are the dates of discovery. 
Dashed line is the border between Argentina and Chile, as 
fixed in 1902 by British arbitration. Red and purple lines are 
Caldenius' "third" and "fourth" systems of end moraines, 
which are dated at 18 ka and 10 ka (from verves) or at 19 ka 



and 13 ka (from ''O, respectively. The -200 m bathymetric 
contour line corresponds more or less with the limit of the 
continental shelf. The three largest green areas are the 
Northern and Southern Patagonian Ice Fields and the ice 
field of Cordillera Darwin Imodified from Lliboutry, 1956, 
1965). Abbreviations: Ba., Bahia; Co., Cordillera; I., Isla; L, 
Lago; Pen., Peninsula; Pta., Punta; Ft., Rio; Sta., Santa. 
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was observed (Mercer, 1064). The calving front of Glaciar Briiggen was 
probably hidden in a lateral bay 12 km from the west coast of Fiordo Eyre, 
as is depict ed in the Carta Nacional de Chile. 

In 1925, a Norwegian farmer named Samsing attempted to establish a 
homestead in t he grasslands of Rio Grt-ve. (The fact thai this area was 
unforested supports the idea that it was a lake bottom not many years 
before.) The front of Glaciar Bruggen was then about 1 km from the 
opposite coast In September 1926, it advanced and closed off the end of 
the fjord. Samsing was able to escape, but he lost all his cattle and his 
farmstead (Agostini, 19-15. p 62-63), 

The end of the fjord began to open again in 1930. In 1945, inspection 
of Trimetrogon aerial photographs showed that the front of Glaciar 
Briiggen was 2.2 km from the opposite coast. The Chilean expedition of 
1962 found that it had advanced and reached the opposite bank and that 
a lake began to form behind this ice dam (rig. /">;>). In 1976, an early sat- 
ellite image showed an extensive lake, 24 km long and 15 km wide in the 
center, where it reached Glaciar Greve. The glacier had advanced 4 km 
between 1962 and 197(i, probably caused by its becoming afloat. The 
lake was still present in 1978, when it was photographed from the 
Salyut-6 orbital space station (Desinov and others, 1980) (fig. 31). 




Figure 55.— Documented changes in the position of the termi- 
nus of Glaciar Briiggen (see text for discussion of fluctuations). 
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Inspection of Landsat imagery shows that Giaciar Bruggen has under- 
gone little change since 1976 (Aniya and others, 1992). 

In my opinion, the situation as it was in 1553-57, and as it has been again 
since 1947. is the normal one. The considerably large recession observed in 
1830 was probably caused primarily by the nearby volcanic activity of 
Cerro (Volcuit) Lautam (see Rivera and others, 1997). 

Periodic Damming** by Giaciar (Perito') Moreno 

Giaciar (Perito) Moreno has repeatedly blocked Canal de los Ttfrnpa- 
nos (the "channel of theSoler icebergs") and separated Lago Argentine 
from its southernmost arms. Brazo Rico and Brazo Sur. According to Ratio 
and others (1953), the water level in the dammed part (called Lago Rico) 
rose 14.9 m in March 1942 and 14.4 m in March 1953 and flooded as much 
as 66.7 km 2 of grassland. However, height measurements to the vegeta- 
tion line, which is clearly marked by water erosion, indicate that the max- 
imum rise of Lago Rim during this century was around 23 m, and it was 
aboul 19 m in 1988 (Pedro Skvarea, written commun.). The outburst of 
the stored water (on the order of lxlO <J m') floods the shores of Lago 
Argentino and its outlet, Rio Santa Cni7 (fig. 54). 

The width of the dam formed by Giaciar (Perito) Moreno is only a few 
hundred meters, although the calving fronts in Canal de los T^mpanos 
and in Brazo Rico are 3.0 km and 2.1 km wide, respectively (figs. 39 and 
43). The depth of these arms and the temperature and circulation of their 
water have never been studied In Brazo Rico, which trends west to east, 
the wind propels the icebergs into warmer water. A return current at 
about 4°C (the temperature for wliich the density of pure water is a max- 
imum) probably exists at depth This water would melt the ice cliff at its 
bottom, and thus, the calving process would be different from the one in 
tidewater glaciers, where most melting is near the ocean surface. In Canal 
de los Tempanos, which runs north to south, the circulation should be 
much slower. Advances and retreats of the calving front result from the 
balance of glacier velocities and calving rates, the former being more vari- 
able than the latter. Therefore, the monitoring of closures is useful. Over 
the long term, Giaciar (Perito) Moreno is more or less in equilibrium 
(Naruse and others, 1995). 

Raffo and others (1953) gathered all information previously known 
about ice dammings The first reported one was in January 1917, after a 1- 
km advance of the front. (Other dammings might have taken place prior to 
this, but no local inhabitants were around to report their occurrence.) After 
January 1917, the following ice dams formed: 

From January to December 1935 

From July 1939 to 17 February 1940 

From the beginning of January 1941 to 21 March 1942 

In December 1946 

In November 1947 

From April to December 1948 

From the end of September 1951 to the beginning of March 1952 
From October 1952 to the end of March 1953 

Ice dammings also took place in 1966, 1970, 1972. 1975, 1977, 1980 
(together with an outburst flood on 17 February 1980). 1984, 1988, and 
1990 (del Valle and others, 1995). The successive lapses of time during 
which the channel has been open have lasted 216, 43. 11, 69, 11, 5, 33, 7, 
36, and 156 months. The duration of the ice daiiUTungs (excepting the very' 
short ones in 1946 and 1947) has been more regular: 8+3 months. About 8 
months is probably the tune needed for subglacial waterways to become 
enlarged by melting of the conduit walls, which precedes the final collapse 
of their roofs The fact that the failure of the ice dam always happens in 
summer, especially in late summer, indicates that the water flowing into the 
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waterway probably consists of surface water warmed by the Sun and that 
the melting of the ice walls by this warmth is the main factor for the open- 
ing of the dam. 

A rough modeling of the opening is possible assuming that, at a given 
instant t. the water in the conduit is at a uniform temperature (0) in spite of 
the melting at the walls, an assumption that implies that the increase of the 
discharge (Q) along the conduit is negligible. Then, the cross-sec tional area 
of the conduit (S) remains uniform over its entire length (/,). and H 
denotes the level of Brazo Kico above Canal de los Tcmpanos, so the piezo- 
metric gradient is H/L. The Manning empirical formula for turbulent steady 
flows reads 

where k, is a constant. With 0 denoting the water input into Brazo Rico, we 
have 

Last, the melting of the walls of the waterway yields 
dS/<k=k»9Q 

where 0 and 6 are given functions of time. At the start, //=Q=0, and S=S 0 . 
The cross section S is an ever-growing function of time. // is a maximum 
when Q=0. and then Q is still increasing. Later, assuming ^ and 9 are con- 
stant. Q decreases and tends toward $, S goes on increasing more or less 
linearly with time, and H decreases as . The model is no longer valid 
when open flow takes place in the subglacial channel. The tunnel is then 
about DO m in diameter, and it collapses the following day. Photographs of 
this spectacular event have been taken by DeRoy Moore (1981), and a vid- 
eotape of it Ls for sale. 

Past Glaciations and "Little Ice Ages' 1 

Past Glaciations 

Satellite images show the amazing labyrinth of channels, fjords, and 
elongated lakes along the Pacific coast of Patagonia, which had been 
mapped in the Carta Prelutunar of the 1950's. It is strikingly noticeable that 
the features trend in only three directions: the direction of the Andean 
ranges and two others at about a 60° angle to the ranges (fig. 56). The two 
latter directions correspond to the directions of maximum shear stress 
caused by plate convergence. The orientation of these features probably 
represents shear zones that have been preferentially scoured by glaciers in 
the past. It cannot be denied that the entire Pacific continental shelf of Pat- 
agonia has been covered by ice in the past: the emerged islands are almost 
devoid of sedimentary terrane, and the granodiorite bat.holith is 
exposed at the surface everywhere. 

The bottom of channels and fjords is normally about 200 m below the sea 
bottom, whereas their shores commonly rise above 1,000 rn. The largest 
measured overdeepening is 1.344 m in Fiordo Baker (approximately 48°S ), 
which trends east, but a depth of 1,288 m lias been measured in the north 
part of Canal Messier, which treiuls north bet ween Isla Wellington and other 
Pacific islands and the continent (fig. 54). This strong glacial erosion seems 
to indicate that local glaciers and ice fields have existed repeatedly on the 
Pacific islands and that the ice streams ran in directions other than from east 
to west. The Northern and Southern Patagonian Ice Fields were often larger 
than today, but their western outlet glaciers flowed generally in the south to 
north channels. Today, a negative isostatic anomaly exists on the SPIF and 
on the Pacific islands hut not between them (Kraemer, 1992). This indicates 
that in the late Pleistocene another ice field was present on the Pacific 
islands, together with a thicker SPIF The idea of a single, elongated ice cap, 
with a convex east-west profile, covering the PnUuioiimn Andes from the 
limit of the continental shelf to the Argentine pampa must be dismissed. 
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Figure S6. — lsla Wellington between 
lat 49~ and SCfS. showing that chan- 
nels and fjords have three preferred 
orientations. They cannot have been 
scoured by glacier flow from east to 
west during glacial epochs. The topog- 
raphy is very rough; steep slopes and 
rain forest make the island impenetra- 
ble. Nevertheless, the elevation does 
not exceed 1,463 m anywhere. 




The gjocial history of Patagonia has begun to bo deciphered, in particu- 
lar thanks to the work of the late John Mercer (Mercer, 1968, 1970, 1976; 
Mercer and Sutter, 1982). More detailed studies, leading to a major revi- 
sion in the dating of the last morainic system, have been done by Clapper- 
ton and others (1995). 

Caldenius, in liis pioneering work of 1932, recognized an "old glaciation" 
and a young one (Lliboutry. 1956, p. 421—124) In fact, at least three old gla- 
ciations are evident. 

(1) The oldest glacial drift is found between lava flows at 7.0 and 4.6 Ma 
front 4(l Ar dating. This glaciation might have been synchronous with 
the formation of the ice sheet in West Antarctica (6-5 Ma) and with 
a glaciation in southern Alaska. 

(2) A second glaciation happened at around 13.6 Ma. 

(3) The third glaciation at 1.2 1.0 Ma was the most extensive. Caldenius 
and other authors thought that it reached long 69°W., the location of 
the current Atlantic coast. (During the glaciation, the continental 
shelf, which extends to the east of the Strait of Magellan as far as the 
Falkland Islands (Islas Malvinas). had emerged, and the coast was 
farther east.) According to Mercer's studies and K-Ar dating, how- 
ever, this greatest glaciation only went 80 km farther than the exist- 
ing Lago Argentine in the Rio Santa Cruz valley, a position 140 km 
inland from t he current coast (fig. 54). 

Between these main glaciations, smaller ones prohahly took place. At 
Cerro del Fraile (just east of Rrazo Rico of Lago Argentino), glacial drift 
alternates with lava flows that are well dated by magnetic reversals. This 
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exposure reveals five glaciations between 2.43 Ma and 1.67 Ma At that rate, 
one could speculate at least 40 glaciations in Patagoiua. 

Tlie youngest glaciation. mure or less simultaneous with the Wisoonsinan 
stage in North America and the Weichselian stage in northern Europe, left 
terminal moraines at or near the east shores of the large piedmont lakes of 
central Patagonia and the piedmont emlwyments of southern Patagonia. 
From north to south, they are Lago Buenos AiresAJeneral Oarrera, I«igo 
San Martin/O'Higgins, Lago Viedma, Lago Argentine, Seno Skyring, Seno de 
Otway, the Strait of Magellan, and Bahia lmitil in Tierra del Fuego (fig. 54). 
Two distinct systems can he recognized, Caldenius' "third" and ' fourth" sys- 
tems of end moraines, which are better identified by the names of the nar- 
rows created by their moraines in the Strait of Magellan: the Primera 
Angostura (the outer "third" system) and the Segunda Angostura (the 
inner "fourth" system). The outer system limits the four mentioned lakes, 
and the inner one limits the Senos Skyring and de Otway and Bahfa lmitil. 
Caldenius' second system, farther to the east, was not confirmed by his suc- 
cessors. 

Caldenius thought that the moraines corresponded to the Gotiglacia) and 
Finiglacial stages in Scandinavia (dated at about 18 ka and 10 ka, respec 
lively), but they are older According to Clapperton and others (1995), the 
moraines of Segunda Angostura were deposited not at 10 ka but during at 
least five advances ranging in age from about 70 ka to about 1 1 ka. The last 
advance is also documented in the Beagle Channel, near L'shuaia (Heusser 
and Rabassa, 1987) (figs 40 and 54). It corresponds to the Younger Dryas 
in Europe. Nevertheless, around Laguna San Rafael at 1 1 ka. glaciers were 
probably smaller than today (Mercer. 1970), a fact that would confirm that 
the cooling of the Younger Dryas had its origin in the Atlantic Ocean. 

During the last glacial maximum at 20-18 ka, the Patagonian ice fields 
would have been relatively extensive and thick. In fact, only 1 glaciation 
among maybe 44) earlier glaciations was more extensive, and at the time of 
the most extensive glaciation .it 1.2-1.0 Ma, the "piedmont glacier Argen- 
tino" extended only 80 km farther to the east from this last glacial maxi- 
mum. The extension and thickening of the Patagonian ice fields was 
probably only slightly less during previous glaciations. 

When looking at the FitzRoy group from the northeast, a striking differ- 
ence is revealed between the lower lialf of Cerro Elihtricu, smoothed by 
glacial erosion below about 1,300 in, and its upper part, without any sign of 
erosion. On its north side in Valle Electrico, a glacial ten-ace exists at 
1,300-1,400 m (fig. 36). It confirms that this was the elevation of the sur- 
face of an outlet glacier, probably about 80 km long, that discharged ice 
from the SPIF through Paso Marconi. At Paso Marconi, 10 km upstream, 
the surface elevation was probably 1 ,8001100 m (200-400 m higher than 
today). The ice stream thinned and locally had a large surface slope as it 
flowed through Paso Marconi. Consequently, the central part of the ice 
sheet should have been at 2,100+200 m (300-700 m higher than today) 
during the last glacial maximum, 

According to a numerical simulation by Hulton and others (1904), the 
ice-sheet surface would have exceeded 2,700 m. With a maximum width 
of about 400 km, the button* drag would have been about 3,6 bar (0.36 
megapascal), much too large a value. In fact, the calculation by Hulton 
and others cannot be trusted at all because it is based on an arbitrary' 
model for the ELA, an isothermal, albeit cold, ice sheet , always at -6*0, 
and a fanciful topography. In their model, all the relief of the unglaeiated 
land has been smoothed out; all the elevated islands and deep channels 
have been replaced by a flat, emerged land below 300 m, and all north to 
south ranges exceeding 1,200 m in height have been erased. With this 
model, only a large thickness of the ice sheet allows its surface to rise 
above the ELA With elevations more than 2.700 m, the ice sln>.'t would 
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have been cold, and the accumulation would have been a weak function of 
the mean temperature. With elevations of about 2,000 m. the ice sheet 
would have been temperate as the ice fields are today, and the accumula- 
tion would have been a strong function of the mean air temperature 
because of the changes in the rain-snow limit. Because of the temperate 
nature of the glacier and this strong function, the lowering of the temper- 
ature required to start a glaciation would have been much smaller in Pat- 
agonia than in the polar regions. 

We may also be skeptical about the changes in the ELA that have been 
inferred from various "models." Although Hulton and others (1994) claim 
that their model is grounded on mass and energy balances, it is, in fact, a 
mere correlation with some meteorological averages. Owing to the rain- 
snowfall discontinuity, relations are not linear, and averages cannot be 
used. For instance, Kerr and Sugden (1994) predict activity coefficients of 
about 0 9 m of ice per 100 m of elevation, whereas in Patagonia, the mea- 
sured ones are about 1 .5 nx/100 m. 

"Utile Ice Ages" 

The story of the late Pleistocene has not been as well studied in conti- 
nental Patagonia as it lias been ut the Strait of Magellan by Clapperton and 
others (1995). On the shores of Lagos Buenos Aires/General Carrera, 
Viedma, and Argentino, several benches of outwash (kame terraces) can be 
seen clearly on Landsat imagery. According to Lliboutry (1952) and Mercer 
(1965), they were formed after the last glacial maximum at 20 ka. If the 
oscillations of the Pleistocene ice sheet were about t he same as those in the 
Strait of Magellan, the highest terraces might be older than 20 ka. 

Climatic changes and terminal moraines of the Holocene are better 
known. A review of knowledge of that time, and a comparison between Pat- 
agonia and western North America, is found in Heusser (1961). 

The chronology of Holocene moraines in front of Glaciares Upsala and 
Tyndal) has been established by Aniya and Sato (1995a, b). The moraines 
were deposited around 3.6 ka, 2.3 ka, 1.4 ka, and 250 years before 
present. (In the Lakes District, Mercer's (1976) dating of the oldest 
moraine is different, 4,6-4.2 ka, and the third one is not found.) It is pref- 
erable to call the first three epochs of temporary glacier advance "Little 
Ice Ages" rather than neoglaciations The last "Little Ice Age" began in 
Patagonia between A D. 1614 and A.D. 1600. In Europe and Iceland, it 
had already started by A.D 1570, but to the contrary, the climate in Pat- 
agonia at the end of the 16th century was much milder. These facts were 
established in 1993 by Maria del Rosario Prieto and Herrera in an impor- 
tant work, which unfortunately has not yet been published. These two 
historians located at the Archive's of the Merchant Marine in Seville, 
Spain, 20 logbooks of ships crossing the Strait of Magellan to or from Val- 
paraiso (fig. 1), 5 from each of the following intervals of time: 1520-26, 
1535 58, 1578-99, and 1615-24 Only during the second and third time 
periods was any mention made of numerous icebergs in the cltannels and 
of winds from the northeast. During the period 1578-99, mild northeast 
winds, quite unusual today, were the most common, and the weather was 
warm, whereas in the interval 1615-24, the wind blew from the southwest 
quarter one-half of the t ime and from the northwest quarter one-third of 
the time, and the weather was very cold. 

The icebergs found in t he channels in 1535-58 and 1578-99 were blown 
there by the northeast winds. In 1615-24, as today, the westerly winds kept 
the icebergs calved by the SPIF at the far ends of the fjords. To have had 
winds from the northeast, a high-pressure system must have existed to the 
south of the ships over the Strait of Magellan. The synoptic situation would 
have been still more extreme than the one depicted in figure 3C, which is 
rather unusual today (note in this figure a northeast wind at Comodoro 
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Rivadavia). 

Compared with the big climatic change around A.I). 16(H), the climatic- 
changes in Patagonia during the two last centuries have been extremely 
modest Around the NPIF, dendrochronological studies of I'ndncarpus 
nubir/emns have been used to infer paleoclimate (Sweda, 1987; Sweda and 
Inoue, 1987). The only significant cluuige in tree ring widths during the last 
200 years is a very strong increase between 1963 and 1978, uncorrected 
with any change in the temperature or precipitation at Puerto Aisen (fig. 
54). 

Conclusions 

This critical review of Patagonian glactologv has a broader scope than 
that of a mere glacier inventory because now, in 1 997, a copious literature 
has appeared, most of which remains poorly knowTi. Because this review 
overturns several preconceived ideas, such as the utility of monitoring gla- 
cier advances on an annual basis, the synchronism of glaciations and "Little 
Ice Ages" in the Northern and Southern Hemispheres, antl the existence in 
the past of a single? ice sheet covering all Patagonia, investigators in glaciol- 
ogy and in paleoclimates should pay attention to the actual hard facts. Pat- 
agonian glanology poses fascinating problems. Tliis paper stresses the 
utility of satellite imagery for studies of these problems, not only for peri- 
odic mapping of the glaciers. 
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